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Chapter 1 
 
 
Introduction: theory and experiment of crystal growth 
 
 
1.   Introduction 
 
1.1. Motivation 
 
“New materials are the lifeblood of solid state research and device technology. Contrary to 
what many believe, new materials are not usually discovered by device engineers, solid state 
theorists, or research managers; they are mostly discovered by crystal chemists who are crystal 
growers. Some physical phenomena are only exhibited in single crystals and can only be studied 
and understood in single crystals. Thus the crystal grower - especially if he develops a proficiency 
in relating structure, bonding and other chemo-physical considerations to properties of interest - is 
in a key position in determining the direction and success of solid state research and - ultimately - 
technology" [1].  
Crystals are solids in which the elementary building blocks, the atoms, are arranged 
regularly in a special lattice with specific geometrical symmetry elements. The perfect crystalline 
solid is a mathematical abstraction often useful in discussion of crystals. There is no ideal atomic 
lattice in nature, and it would be not very useful either. Certain imperfections of the chemical and 
structural atomic arrangement are essential for the usefulness and value of crystals. The high 
structural perfection of the crystals allows investigating intrinsic properties of the materials. That 
leads to more deep understanding of solid state physics and prediction of the possible applications 
of various substances in electronics, optics and other related areas.  
In research and technology many artificial crystals are required with chemical 
compositions from all parts of the periodic system with high chemical and - in special cases - even 
isotopic purity. Thousands of tons of crystals are grown annually which contain no dislocations at 
all, especially the big silicon crystal cylinders with 30 cm in diameter, which weight more than 100 
kg. In terms of the mosaic block crystal model these are perfect crystals. One has to be aware that 
these are not "perfect, high purity" materials; their quality for technical applications depends on a 
well defined content of "point defects", oxygen precipitates, for example, which have to be 
controlled by proper crystal growth procedures.  
Typically the cost of the crystal is about 1% of the selling price of the finished product. But 
in spite of industrial growth of a large amount of compounds there is no common technology. 
Every compound required special a point of view to produce a single crystal with high 
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crystallographic perfection.  Therefore, every attempt to shed the light into growth problems and 
growth features of new or conventional compounds must be welcome. 
Artificial high quality crystals for research are the basis of solid state research activities. 
Natural crystals are normally not sufficiently qualified for research purposes. A broad range of 
geometrically well prepared crystals is required for thin film, catalysis and electrochemical studies, 
respectively.  
During the last 20 years there is a great jump in discovering and investigation of novel 
classes of materials and substances. And in this way research groups pay more and more attention 
to complicated substances consisting of 3, 4 or 5 elements. They may have interesting properties, 
which are very prospective in electronics and magnetic applications. In most cases the technology 
of preparation for these materials is very complicated and a great amount of studies do not go 
beyond exploring of polycrystalline samples. Therefore, not all intrinsic properties are revealed, 
which complicates the interpretation of the data obtained. Especially that is notably for anisotropies 
of magnetic and electrical properties such as magnetic ordering phenomena observed by neutron 
scattering, magnetization anisotropy, magnetic easy axis, studies of superconducting phenomena 
like critical fields and other properties.  
At the same time it has become apparent that an equally important branch of solid state 
physics exists, which approaches the subject on a somewhat coarser scale: this is the study of 
defects in crystals. Crystal imperfections appear to influence the properties of solids to such an 
extent that solid state physics has proved in several instances to be equivalent to the study of the 
properties of the defect crystal, as contrasted to those of the perfect crystal [1]. 
The growth and detailed characterization of synthetic crystals provided a basis for the 
expansion of knowledge in solid state physics and served as a motivation for developing the 
methods to produce naturally occurring crystals in the laboratory. 
Moreover, the development of the theoretical branch of physics and chemistry based upon 
computer modulation of crystal structures with corresponding physical properties helps greatly in 
exploring of new materials. Testing of the theoretical predictions of these calculations and 
synthesis of interesting promising materials is a problem of materials science, which joins the 
features of chemistry and physics of crystallization processes in these, sometimes very complex, 
systems.  
Investigation of all the processes, those lead to the formation of more perfect and larger 
single crystals for various compounds, is an important task, since the perfection of the crystals 
influences very strongly on reliability of the measurements and corresponding physical 
interpretation of the results obtained. A part of this task is the investigation of the formation of 
crystal defects as well as the influence on physical properties to control the imperfections. 
The preparation of any single crystalline samples with sufficient size is an individual 
challenge and requires not only special knowledge of phase relations in the system, a particular 
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equipment for the preparation but also deep understanding of all the processes arising during the 
crystallization.  
Most of the results of physical measurements of explored systems were obtained on 
polycrystalline samples. It is explained in most cases by the simplicity of the sample preparation 
for physical measurements and only slight dependence of some physical properties on grain 
boundaries, cracks and a minority 2nd phase. But similar measurements give only common 
characteristics of the system but nevertheless very important features. Sometimes crystallization 
features do not allow the preparation of polycrystalline samples with sufficient perfection for 
reliable interpretation of the measured results. For example the presence of cracks or magnetic 2nd 
phase inclusions does not permit reliable electrical or magnetic measurements at all. For more 
detailed and reliable studies, especially for anisotropy properties single crystals of high physical 
and chemical perfection and with sufficient size are desired.  
It is not a secret that the technical progress in modern equipment allows to measure 
physical properties and to investigate the crystals, which do not possess high physical perfection. 
The imperfection and very small sizes of the measured crystalline samples are compensated by the 
sophisticated measuring equipment. But, in spite of the progress in equipment sensitivity, there are 
a large amount of research fields such as, for example, study of inelastic neutron scattering, which 
require single crystalline samples with the highest physical and chemical perfection and with 
dimensions of several cubic centimeters. The production of such single crystals is a special task 
demanding detailed studies of features of various crystal growth technologies as well as chemical 
properties of the system explored. 
 
1.2.   Aim of the present work 
 
The aim of the present work is to clarify the interplay between the complex technological 
chain in crystal preparation, chemical and structural perfection of the grown crystals and physical 
properties of the single crystalline samples. This technological chain includes detailed studies of 
unknown or insufficiently known phase diagrams, their correlation with growth conditions and 
optimization of process parameters for obtaining single crystals with high chemical and physical 
perfection. 
 The measurements of the physical properties of the grown crystals such as 
superconductivity, thermoelectric or dielectric properties not only show new features and 
application of the materials obtained, but also allow conclusions of the crystal perfection. 
The studies are focused on the following systems: RENi2B2C borocarbides (RE=Y, Tb or 
Ho) with superconducting, magnetic and with a strong interplay between magnetic and 
superconducting properties for YNi2B2C, TbNi2B2C, HoNi2B2C, respectively; CeSi2-δ and Ru2Si3 as 
examples of systems with magnetic and promising thermoelectric properties, respectively; MgB2 
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and LiBC to test of theoretical predictions of the new superconducting intermetallic compounds 
discovered in the last years; SrTiO3 and SrZrO3 oxide compounds with special dielectric and 
optical properties. 
For this wide spectrum of substances necessarily different growth techniques were applied. 
That is mainly the floating zone (FZ) or travelling solvent floating zone (TSFZ) techniques with 
optical heating. But if vapour pressure of composing elements is high such as for Mg and Li, flux 
techniques were used. The crucible free FZ technique is very attractive for the crystal growth of 
these intermetallic and oxide compounds to avoid contamination with the crucible material, if the 
melts have very high chemical activity, high melting temperatures and if a large crystal size is 
desired for corresponding physical measurements (at least 3-5 mm in size).  
One special aim in the presented work is the optimization of the preparation and growth 
process features with respect to crystal perfection, establishing new relationships between process 
parameters, crystal perfection, crystallographic structure and composition of grown crystals and the 
related physical properties. Optimization of growth process of crystals requires own constitutional 
studies of growth relevant parts of the corresponding multicomponent phase diagrams. Therefore, 
parts of the phase diagrams were experimentally revealed by differential thermal analysis (DTA), 
optical metallography and EPMA and partially combined with CALPHAD calculations. 
 
1.3.  The outline of the presented work 
  
In this work crystals are grown for a wide range of classes of intermetallic compounds and 
oxide materials. In the first section the growth and properties of several advanced superconducting 
materials are discussed. One reason for the great interest in Y, Tb, and Ho-Ni-borocarbides is the 
tight relation between structure, superconducting and magnetic properties. Novel promising 
materials such as MgB2 and LiBC were synthesized and the presence of homogeneity regions of 
the compounds and the corresponding effect on superconducting properties of the materials were 
confirmed and revised. Local composition variations of RENi2B2C, MgB2 and LiBC, which display 
relatively high homogeneity regions, lead to the variation of the physical properties depending on 
the stoichiometry. The influence of well-defined defects, such as a shift of the composition within a 
homogeneity region, is also desired for more complete characterization of the systems investigated.  
In the second section the crystal growth of novel materials for magnetic and thermoelectric 
applications is reviewed. For the first time various high quality bulk single crystals CeSi2-δ were 
grown and their electrical and magnetic properties were studied. During the investigation of the 
CeSi2-δ system the published phase diagram Ce-Si data [2] have undergone great changes. Due to 
renewed interest to thermoelectric materials the doped and undoped single crystals of ReSi1.75 and 
Ru2Si3 have been grown. The high structural perfection of the crystals allows reliable conclusions 
on the most important characteristics, such as figure of merits of these promising materials. 
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In the last section the growth, perfection and physical properties of several dielectric 
compounds with extreme growth features are discussed. During the work the applicability of FZ 
technique with optical heating were studied. The growth of large (∅ ≈ 15 mm, melting temperature 
1920°C) dielectric oxide materials such as SrTiO3 and SrZrO3 single crystals (∅ ≈ 5 mm, melting 
temperature 2700°C) has been confirmed. High physical and chemical perfection of the grown 
crystals was proved. 
The crystal perfection is of vital interest for achieving clear and reliable results of physical 
measurements. Absence of cracks, 2nd phase inclusions, subgrain boundaries, internal stresses and 
crystal sizes at least 10-100 mm3 are the minimal requirements for grown crystals for full-scale 
investigations of physical properties of these single crystalline materials. For higher crystal 
perfection the control of stoichiometry, segregation effects, undesirable impurity contamination 
(such as oxygen in intermetallics) and of the density of point defects are desired. All these factors 
strongly influence the measured physical properties and reliability of the results obtained.  
 
 
2.  Description of the used crystal growth techniques. 
 
The technique used for crystal growth depends strongly on the conveniently attainable 
growth parameters of a particular method, on thermal and mechanical properties of the material and 
on solid-liquid-vapor equilibrium data. Crystal growth techniques have been classified into four 
groups by the nature of phase transition used during crystal growth: growth from melt, solution, 
vapor and solid state. The solution and vapor phase growth techniques are mostly used to avoid the 
decomposition of the material and to grow crystals at low temperatures [3, 4]. 
Crystal growth from the melt is the most widely used method for preparation of large 
crystals and plays a very important role in developing optical, electronic, and magnetic devices. 
Materials with controllable vapor pressure and congruent melting are most suitable for melt 
growth. With the increasing demands of high quality large single crystals the melt growth 
techniques have developed rapidly since the early 1960s. The knowledge of phase diagrams, heat 
and mass transfer, growth kinetics and materials properties are essential to achieve good crystals 
The growth conditions are predicted on the basis of these parameters.  
In the present work only FZ (or sometimes TSFZ) techniques with either RF induction or 
optical heating and a melt flux technique were applied. Therefore, the two methods will be 
discussed in detail. Details of other growth techniques are given elsewhere [4–9]. 
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2.1. The flux technique 
 
“Flux growth “, the most commonly used term for crystal growth from high temperature 
solutions (HTS), is a method that allows the growth of single crystals of a wide range of materials. 
The components of the desired materials are dissolved in a solvent, the so-called “flux”. The use of 
the word “flux” for the solvent is derived from metallurgy and ceramic technology where 
substances assist the melting procedure or sintering.  
This technique began to be applied where other methods of crystal growth had failed. 
Typical reasons for failure are: the material is either incongruent melting or undergoes some phase 
transformations below the melting temperature. Materials with a high vapor pressure at the melting 
point or those containing volatile components must be grown at temperatures below the melting 
point. Moreover, the flux technique can be used as an alternative method of crystal growth for 
refractory compounds, which require sophisticated or expensive techniques for crystallization from 
the melt. This very important and highly developed method of crystal growth is now often used 
commercially. The greatest advantage of the high temperature solution growth is its wide 
applicability. Not only oxides but also nitrides, borides and carbides can be grown by this 
technique [4, 9].  
The main disadvantage is the low growth rate. From the flux the growth rate of crystals is 
generally more then hundred times smaller then in the melt growth because of the diluted 
components. Thus crystals from the flux are in general of small size. The quality of crystals 
produced by high temperature solution growth varies considerably, but it is more a function of time 
and expense rather than of the technique itself. Normally, the crystals contain a higher 
concentration of impurity ions than the crystals grown from the melt, but they exhibit a lower 
concentration of equilibrium defects such as vacancies and dislocations because of smaller 
temperature gradients and lower growth rates [3, 4]. Apart from the problem of incorporation of 
impurity ions from the crucible and from the solvents used, the main defects are bulk inclusions of 
the solvent, growth striations, cracked crystals and unwanted habit faces. A very good temperature 
control is important, since fluctuations of temperature are reflected in the final quality of the 
crystals [3].  
With practical point of view the disadvantages of the flux growth technique are the large 
difficulties to control the size and evolution of the growing crystals, and sometimes the difficulty to 
remove the grown crystals from the solidified flux. But in spite of all the problems this method is 
very versatile since a solvent may be found for any material required. Flux growth is also suitable 
for the growth of layers on single crystal substrates, the so-called liquid phase epitaxy (LPE) [10]. 
In general, crystal growth from the melt is preferable whenever possible. However, since 
often only small crystals are needed for fundamental research or measurements, the effort to grow 
these from HTS might be much smaller then that of melt techniques. Furthermore, with some 
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experience and with a choice of a suitable flux composition, growth method and automation of the 
growth procedure, one might be able to minimize the disadvantages of the flux growth.  
In the present work the flux growth technique was selected for the growth of MgB2 and 
LiBC from Cu-Mg and Li fluxes, respectively. The reason to use this method for synthesis is the 
very high vapor pressures both of Mg and Li over the melts, having the boiling points as low as 
1090°C and 1342°C, respectively [11, 12]. The temperature dependence of Mg vapor pressure is 
shown in Fig. 1.1a. Therefore, the compounds MgB2 and LiBC are stable only at elevated vapor 
pressures of Mg and Li over the melts. At 1 bar of Mg vapor pressure MgB2 decomposes into 
MgB4 and Mg at about 1090°C (see Fig. 1.1b) [2, 13]. 
The reduction of the equilibrium vapor pressure of Li and Mg was attained by accurate 
selection of the flux composition and operation temperatures. Strong evaporation of Li and Mg has 
been suppressed by applying sealed metallic containers and the internal pressure of the elements 
was at the equilibrium with the liquid phase. 
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Fig. 1.1.   Temperature dependence of Mg vapor pressure in equilibrium with the melt (a) and Mg-B phase 
diagram at 1 atm. of Mg vapor pressure (b) [2]. The doted lines are the temperatures of decomposition of 
MgBx compounds. 
 
2.2.  The floating zone technique  
 
The zone melting is a very powerful technique for crystal growth. The term “zone melting” 
is used as a name for a family of solidification techniques in which a molten zone is passed through 
solid charge of material. This technique is simple, suitable for uniform doping and there is less 
chance for contamination of the melt. A variety of zone melting techniques have evolved horizontal 
and vertical configurations, and single and multiple heating zones [14, 15]. There are four basic 
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 8 
designs – horizontal boat, enclosed vertical, temperature gradient zone melting and vertical floating 
zone [6, 7, 14]. 
Zone melting method was originally used to control impurity levels in materials; however, 
it can be applied for high quality crystal growth. The most common technique is to use a long 
horizontal crucible or boat to contain the material. A seed crystal is placed at one end and a molten 
zone is produced so that the end of the seed is just melted. The zone is then traversed away from 
the seed along the length of the boat. This form of the method leads to contamination from the boat 
and thus the system has been turned through 90° to give a vertical floating zone. In this case the 
molten material is prevented from falling down by surface tension. The molten zone is traversed up 
or down along the rod. In this form it is a crucibleless technique of crystal growth and is called 
floating zone technique.  
Usually the heat is supplied to the molten zone using specially shaped RF coils. However, 
differences in the floating zone technique have been mostly in the methods of heating used. Apart 
from RF, arc image halogen lamp, arc discharge, electron beam and laser heating have been tried 
with more or less success [16]. In the case of RF heating, the coil is usually a single or double turn 
one and the electromagnetic field couples directly to the material. This makes it easy to design 
different coil forms to obtain the correct shape of the growing interface so that a good crystal is 
obtained. The main limitation of the RF heating is a necessity of electrical conductivity of the 
melts. For some materials with insufficient electrical conductivity it is often necessary to provide a 
preheater to start the coupling.  
The use of arc image or halogen lamps has been very successful. Either an elliptical 
horizontal or vertical optical configuration can be used, where the arc or halogen lamp is at one 
focus and floating zone is at the other one. The growth usually proceeds inside a transparent holder 
so that gas supplies can be used to give inert, oxidizing or reducing atmosphere. Thus, this method 
can be summarized as a moving melt zone method in which the crystal rotation is optional. It has a 
small melt volume and usually relatively large temperature gradients.  
Imaging furnaces can generally be defined as any furnace using a source of noncoherent 
light (e.g. a light bulb) and some optical elements (mirrors, lenses) to focus it onto the sample. 
Imaging furnace can be very energy efficient, there is no principal limit to processing temperatures, 
and the visual control of the zone and the crystal growth process is excellent. Different imaging 
furnaces have been developed within the last 30 years for floating zone and similar applications 
[17] Commercial systems specially designed for floating zone growth are available only from the 
following companies: NEC (single- and double-ellipsoid mirror furnaces), Crystal Systems, Inc. 
(four-mirror furnace) in Japan, MPEI (open vertical ellipsoid configuration with aperture) in 
Russia, GERO in Germany and Cyberstar in France (single- and double-ellipsoid mirror furnaces).  
Practically all mirror furnaces employ reflective, not refractive elements, because the geometric 
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efficiency of lenses is quite limited [18] and the heat exposure of the optical elements excludes 
most refractive materials except of fused quartz or sapphire.  
Either elliptical or parabolic mirrors (or a combination of both) are used to focus the light 
from one or several lamps onto the sample. Parabolic mirrors have the advantage that the distance 
between the foci is somewhat variable. For a point focus, there is no principal limit for the 
separation of parabolic mirror shells. Due to the finite dimensions of the heating elements, the 
resulting optical aberrations usually preclude large separations.   
Although, some of the first furnaces developed employed carbon arcs [19], the light source 
mostly used today are either tungsten halogen lamps of 0.3-1.5 KW maximum power or xenon 
lamps up to 10 kW for high power requirements. In all cases where lamp bulbs made of fused 
quartz are employed, wavelengths shorter then 0.2 µm or longer then 4 µm are cut off.  
A disadvantage of mirror furnace is the fact that temperature measurements during growth 
are quite difficult. Contactless measurement of the sample temperature by pyrometry is virtually 
impossible due to the much higher level of light reflected versus radiation emitted from the sample.    
Feedback control of image furnaces is quite uncommon; in the case of floating zone 
growth, the zone is usually controlled by visual observation of the sample and manual regulation of 
the power. With modern computing techniques, a control loop using the zone shape or height 
determined by image analysers might be possible, but has not been reported yet.  
 
 
3.  Technical description 
 
3.1.    Feed rod preparation 
 
The first step in crystal growth by FZ technique is the preparation of an appropriate feed 
rod. Its composition is defined by features of appropriate phase diagram as well as by possible 
element losses during growth process. The ideal shape of feed rods is a cylinder shape with a 
constant diameter and density along the whole rod to prevent uncontrollable changes of the melt 
volumes and corresponding curvatures of the solid-liquid interfaces. Sometimes one end of the rod 
is grinded off to produce a cone shape that is very suitable for the seeding process to grow single 
crystals with large diameters but with a small seed cross section.  
The main problem of preparation of intermetallic feed rods is the contamination by oxygen. 
In this case a large amount of contrivances and special equipment is desired. For growth of high 
quality single crystals the purity of the initial components is one of the basic requirements.  Raw 
materials of rather high purity are available on the market. But in spite of the certificated content of 
impurities, the following considerations should be taken into account: due to the fine nature of 
some powders and their capability to absorb moisture and CO2 from the air some materials require 
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heat treatment at appropriate atmospheres and temperatures prior to the weighting in an appropriate 
ratio. That is very important for rare earth oxides, such as La2O3 or Nd2O3 (those can absorb up to 
1–10 wt% of water), carbonates such as SrCO3 or BaCO3, and several metal powders, such as Re or 
Ni. Sometimes in the specification to commercial metal materials the oxygen content is not given. 
But in metals like Y, Ho, Tb and other rare earth metals the oxygen content can achieve several 
at%, that is not something unusual for these materials. This content practically cannot be reduced in 
laboratory environment.  
Also a large attention must be paid to the effect of the impurities on crystal perfection and 
the crystal properties. The most serious problem is the influence of oxygen as impurity in 
intermetallic compounds, especially those containing rare earth elements. There the oxygen 
concentration can be as high as several molar percents due to the very high rate of oxidation and 
the very high solubility of oxygen in the RE melts (e.g. at least 13 mol% in an Y-melt). Oxygen 
reduction processes during crystal growth such as silicothermic, borothermic and carbothermic 
reactions may proceed too. With practical point of view this means the highest skills of work is 
focused to ultra pure element materials and gas atmospheres, and the deep understanding of all the 
chemical processes proceeding in the melts. 
The presence of impurities affects not only the crystal perfection but also the crystal 
properties. For example, the concentration of colored impurities such as Fe-, Mn-, V-oxides of 
about 10-3 wt% acts very strongly on optical properties of the grown crystals. Accumulation of the 
impurities in the melt in front of solid-liquid interface leads to constitutional supercooling that 
dramatically affects the stability of the interface morphology and the crystal perfection. Impurity 
atoms can induce strong thermal stresses in the crystal lattice and sometimes pronounced cracking 
of the grown crystal. Therefore, reliable knowledge of all impurity content and keeping this on a 
low level during the whole technological process are the necessary conditions for obtaining high 
quality single crystals. 
  
3.1.1.     Preparation technique of polycrystalline intermetallic feed rods  
 
Preparation techniques of feed rods of intermetallic compounds differ from those of oxide 
materials. The main problem of the preparation of intermetallic compounds is the high rate of 
oxidization, especially of rare earth metals. Therefore all procedures should be produced in purified 
Ar or He atmosphere.  
Firstly, starting materials are mechanically or chemically treated, if it is desired, to remove 
oxide films often present at metal pieces in spite of highly pure conditions of storage. Metal 
powders (in the present work Re and Ni) are sometimes heat treated in an appropriate atmosphere 
to remove oxygen or water traces. The initial materials are weighted in appropriate ratio and the 
powders are mixed and pressed. Then all the materials are initially melted in an arc-melting furnace 
on a water-cooled Cu plate (Fig. 1.2a). The procedure is repeated several times to obtain a 
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homogeneously synthesized alloy. The obtained master alloy is remelted in a Hukin-type cold 
crucible and RF induction heating (Fig. 1.2b) and cast into a copper mould with a cylindrical 
cavity. The produced cylindrical rod is used for FZ crystal growth as a feed rod. In the present 
work the dimensions of intermetallic feed rods were typically 6 mm in diameter and 60-80 mm in 
length. 
a) b) Hukin-type cold crucible
Levitated
melt
Copper 
mould
RF generator
Water-cooled copper-plate
W-electrode
The sample
 
Fig. 1.2.   Arc-melting synthesis of a desired compound (a) and Hukin-type crucible for casting of feed rods 
(b). 
 
3.1.2.    Preparation technique of polycrystalline oxide feed rods 
 
The preparation technique of feed rods of oxide materials is more straightforward. Starting 
materials are in powder form. They are preheated, if desired, to remove water or CO2 traces, then 
weighted in an appropriate ratio, mixed and heated for 10–100 hours at proper temperature that is 
commonly below the melting temperatures of the initial materials, to obtain a solid state reaction. 
Then the received material is grinded and fired again. This procedure is repeated until a single 
phase material is produced.  
The synthesized powder is pressed either in a sealed rubber tube by hydrostatic pressing or 
as a mixture with a binder such as polyvinyl alcohol (PVA) in a metallic mould by a mechanical 
press to obtain a cylindrical rod. This rod is used as a feed rod for crystal growth by the FZ 
technique. 
 
 
3.2.  Detailed description of the facilities used in the present work. 
 
The single crystal growth was accomplished by vertical floating zone techniques with 
either radio frequency induction heating or optical heating. 
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3.2.1.   FZ apparatus with RF induction heating 
 
The computer-aided FZ crystal growth facility with RF induction heating (250 kHz, 30 
kW) was used for growth of several intermetallic compounds and is described in details in ref. [20]. 
The facility was designed in the IFW Dresden (Institute for Solid State and Material Research, 
Dresden, Germany) for research of intermetallic compounds and confirms the possibility of growth 
of high quality single crystals [21]. One of the large advantages is the almost unlimited melting 
temperatures of the materials investigated, for example 3220°C for ZrB2 or 3410°C for W [22, 23].  
But owing to the requirements to electrical conductivity of the materials and from practical 
considerations the application is restricted to conducting materials with melting temperatures 
beyond 1000°C. 
 
Feed rod
Seed and 
Crystal
RF inductor
 
 
 
 
 
Fig. 1.3.   Crystal growth chamber of 
the FZ facility with RF induction 
heating (designed at the IFW 
Dresden). 
 
The water-cooled inductor had a trapezoidal coil shape with inner diameter 19 mm and 
inner height 8 mm to focus the electromagnetic field onto a narrow melt region (Fig. 1.3). The coil 
parameters were optimized with respect to the crystal - melt interface shape [20]. The water-cooled 
crystal chamber allows producing crystal growth processes in vacuum and pure inert gas 
atmospheres with pressures up to 1 bar. Monitoring of the molten zone shape with high resolution 
by a video camera and measuring the melt temperature enable the control of crystal growth process. 
Very strong convectional flows in the melt driven by electromagnetic fields, occurring in this 
configuration lead to a proper mixing of the components and favourable conditions at the solid-
liquid interface. 
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3.2.1.    FZ apparatus with optical heating 
 
The facility for crystal growth by FZ technique with optical heating was designed at the 
MPEI (Moscow Power Engineering Institute, Moscow, Russia). The optical scheme shows a 
vertical double ellipsoid configuration with a 5 kW xenon lamp as a heat source positioned in the 
focal point of the lower mirror (Fig. 1.4). The molten zone is located in the focal point of the upper 
mirror. The mechanical shutter, consisting of four horizontal moving sectors, made of stainless 
steel plates, allows controlling the light incident onto the molten zone within a range of 0–100% 
from the total radiation flux. One additional set of metallic nets with different meshes positioned at 
the pathway of the light between the light source and the melt can reduce the incident flux and 
allows the temperature control from 300° (NaNO3) to 2800°C (SrHfO3) using a 5 kW xenon lamp 
[24].  
 
 
Fig. 1.4.   Photo and optical scheme of URN-2ZM apparatus for FZ crystal growth with optical heating 
The crystallization chamber (Fig. 1.5a, b) permits crystal growth in a desired ambient gas 
at pressures up to 100 bar. The basic element is a thick-wall quartz tube with 15 mm wall thickness, 
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made from optical quartz, which is squeezed between the water cooled upper and lower flanges 
Fig. 1.5b. For growth processes where only pressures of about 1-3 bar are needed a thin-wall quartz 
tube (4 mm wall thickness) with corresponding larger inner diameter is used (see Fig. 1.5a). For 
oxide material there is a possibility of crystallization in air without the closed crystallization 
chamber [25, 26]. 
The original gas supply system of the facility was strongly modified for the growth features 
of intermetallic compounds. A vacuum pump was connected to the crystallization camber for 
evacuation up to 10-6 mbar. In the inlet system a Ti-getter was installed to purify Ar or He gas 
flowing into the chamber. Control of the gas purity in the growth chamber is accomplished by an 
oxygen measuring system (ZIROX SGMT 1).  An extremely high Ar gas purity of 10-2 – 10-10 ppm 
was achieved, which is more than sufficient to grow singly crystals of intermetallic compounds and 
to prevent the melt oxidization at high temperatures. A gas outlet was also installed to control a gas 
flow in the crystallization chamber even at gas pressures up to 100 bar.  
 
Crystal
Seed
Quartz tube
Water-cooled
chamber
Upper stock
Lower stock
Molten zone
Gas filling
system
Water-cooled
chamber
Incident light
Feed rod
Crystal
Seed
Thick quartz
tube
Water-cooled
chamber
Upper stock
Lower stock
Molten zone
Gas filling
system
Water-cooled
chamber
Incident light
Feed rod
Protective
quartz tube
a) b)
 
Fig. 1.5.   Crystallization chamber of URN-2ZM apparatus for (a) low gas pressure about 1-3 bar and (b) high 
gas pressure up to 100 bar. 
 
Drivers for upper and lower stocks (see Fig. 1.5) are responsible for the vertical motion and 
rotation of the crystal and feed rod with the rates 0.3–50 mm/h and 1–150 rpm, respectively. More 
detailed information is given elsewhere [25, 26]. 
For the crystal growth process the feed rod is usually positioned at the upper stock and 
either a single crystalline or a polycrystalline sample was installed in the lower stock as a seed. The 
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FZ growth process proceeds by synchronous moving of upper and lower stocks downwards or 
upwards in the vertical direction. A video camera, translating molten zone image to a video control 
device, allows the observation of the technological process and controlling the floating zone 
stability. 
The facility URN-2ZM for FZ crystal growth differs from other optical analogues 
presented at the market. There are three basic features: firstly, vertical optical configuration allows 
a sharp light distribution at the molten zone, which can easily be changed by variation of the lamp 
position or the distance between the mirrors. That strongly influences the convection flows in the 
molten zone and on the temperature gradients at the growing interface. The energy distribution in 
this case is very effective and allows to achieve melting temperatures up to 2800°C with one 5 kW 
xenon lamp as a heat source [24].  Secondly, there is a possibility to grow single crystals at high 
gas ambient pressures up to 100 bar. That is very attractive for growing materials with volatile 
components. For example 30 bar of argon prevents evaporation of rhenium and silicon from the 
ReSi1.75 melt (Tmelting=1940°C) and allowed producing high quality single crystals of the compound. 
High pressure of gas ambient atmosphere such as oxygen or nitrogen is often necessary for the 
growth of oxides and nitrides, which decompose at low gas pressures. For example, for single 
phase crystal growth of hematite (α-Fe2O3) at least 50 bar of oxygen is necessary [27]. Thirdly, it is 
possible to use different modifications of active afterheaters with inner temperatures up to 1600°C 
(details will be discussed in Chapter 5). That is very important for growth of oxide materials to 
prevent crack formation in the crystal during growth and the post-solidification cooling process. 
The prominent example is FZ growth of SrTiO3 single crystals with high structural perfection and 
diameters up to 20 mm [25]. 
 
 
4.   Theory of crystal growth by FZ technique. 
 
Crystal growth of single crystals with high structural perfection by the FZ technique 
implies a deep understanding all the physical processes proceeding in the molten zone and at the 
solidifying interface. The molten zone shape, its stability, convection patterns arise in the melt and 
affect strongly the solid-liquid interface curvature, segregation effects and corresponding element 
distribution in the growing crystal or constitutional supercooling in the melt. Those phenomena 
play a significant role for the crystal perfection. Most of these effects have been simulated applying 
mathematical analysis and confirmed experimentally for various materials and geometrical 
configurations [28–77]. Further, the basic principles of FZ technique will be discussed in details. 
But in spite of the general theory for all the processes occurring in the molten zone and near the 
solidified interface, crystal growth of every individual compound requires more experience and 
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knowledge of the crystal grower. This is based on general principles, rather then an exact 
mathematical simulation and process automation.    
 
4.1.  Shape of the molten zone 
 
The outer molten zone shape is the only visible characteristic of the FZ growth process. 
The zone shape curvatures correspond unambiguously to the curvatures of the solid-liquid 
interfaces. Finding the relations is a key to control the growing interfaces, growth stability and 
perfection of the obtained crystals.  
Surface tension is a principal force supporting a molten zone. Equating surface tension 
forces to the hydrostatic pressure gives some information about size, shape and stability of molten 
zones. The shape of the melt free surface is defined by the Laplace-Young capillary equation: 
1 2p p Kγ− =  , where p1 and p2 are the pressures in the melt and atmosphere, 
respectively, γ is a surface tension coefficient, K means the curvature of the two phase interface 
[28]. 
The equation for the case of the fluid zone between two solid rods (FZ configuration) is 
axisymmetric and can be written in the cylindrical coordinates: 
2
2 2
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d r
dzg z r
dr drr
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ρ γρ ⋅Ω− ⋅ ⋅ + ⋅ + = −
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   
      (Eq. 1), 
where z and r indicate the cylindrical coordinates along the zone axis and from the central line to 
the melt surface, respectively. The system is proposed axisymmetric for simplification (g- 
gravitational acceleration constant, ρmelt –melt density, Ω -rotation rate of the crystal and feed rod). 
P- is a Lagrange multiplier that is not known and is adjusted to give either the specified volume of 
the molten zone Vzone or the specified angle φ0 at the tri-junction rim of the crystal [28]. 
There are two types of boundary conditions for this equation: 
Type I:        
2
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Where L, Rfeed and Rcrystal are zone length, feed rod and crystal radii, φ0 is the angle at the 
tri-junction rim of the crystal. In this case it is not important whether the crystal grows upwards or 
downwards. For simplification the electromagnetic forces due to possible presence of magnetic 
fields, the curvatures of solid-liquid interfaces and an effect of convectional flows in the melt are 
neglected. 
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The angle φf  between the liquid-vapor interface and the growth direction at the tri-junction 
is important in determining the time evolution and stability of external dimensions of the crystal. It 
was commonly assumed that this angle is zero for constant diameter growth. But the experimental 
evidence [29–31] and theory [28] indicate that the angle depends on the particular substance. For 
example for Si the angle is 11°. 
The shape of the liquid-vapor interface is found from the numerical solution of the 2nd  
order differential equation (Eq. 1) containing an unknown parameter (Lagrange multiplier) 
[28, 32]. 
The first interesting result from the consideration is the limitation of the possible size of 
molten zones. The maximum theoretical zone length between two identical rods is defined as 
2.67limit
melt
L
g
γ
ρ
=
⋅
  [33] . The coefficient in front of the root varies in different works from 
2.62 [34] to 2.84 [35]. For example, the value determined by some melt properties and stability of 
the molten zone for silicon is  0.54
melt Si
cm
g
γ
ρ
 
= ⋅  ⋅ 
. 
For the case of small diameter of the molten zone (Rcrystal<<Llimit), the maximum zone 
length is determined as max 12 crystalL R= ⋅  [33]. 
Since the surface tension controls the shape of free surfaces it is a parameter of some 
interest. The surface tension arises from the difference in surroundings of atoms on a surface 
compared with those in a bulk.  For liquid metals it is defined by the empirical relation: 
5
60.59* * boiling
boiling melting
T T
W
T T
γ
−
=
−
, 
where W is the energy of vaporization of a unit volume, Tboiling and Tmelting are the boiling and 
melting temperatures, respectively [36]. A very small surface tension and corresponding weak 
molten zone stability for melts with volatile components is deduced from the equation.  
The second interesting and somewhat surprising result is the feature of the Vzone(φf) curves. 
This means that one specified value of φf may correspond to two different zone volumes Vzone 
(Fig. 1.6a). 
For zone volumes Vzone less then those indicated by the curves Fig. 1.6a, the liquid zones 
are unstable with respect to axisymmetric perturbations. [28] 
In Fig. 1.6b, c there is an illustration of two stable zones, which both have φf  = 0 but 
different volumes; all other parameters are the identical. While either zone would appear to permit 
constant diameter growth (provided φf = 0 is the appropriate angle for such growth), an analysis of 
stability of the solidifying crystal dimensions indicates, that ( / ) 0f zoneVφ∂ ∂ >  and 
( / ) 0f crystalRφ∂ ∂ <  are necessary and sufficient conditions for “crystal shape stability” [32]. From 
Chapter 1.  Introduction: theory and experiment of crystal growth 
 
 
 18 
(Fig. 1.6a) it is evident that when two different volumes correspond to the same value of φf   one 
zone has ( / ) 0f zoneVφ∂ ∂ >  and the other zone has ( / ) 0f zoneVφ∂ ∂ < . For zones shown in 
(Fig. 1.6b, c) the one with larger volume satisfies both “crystal shape stability” conditions, while 
the other zone satisfies neither condition. However, both zone shapes are stable with respect to 
small perturbations in the liquid. Unless thermal effects override the above considerations, the 
liquid with ( / ) 0f zoneVφ∂ ∂ >  is clearly preferable for constant diameter growth. 
 
3
crystal
zone
R
V
fφ
1.17
1.22
a) b)
c)
 
Fig. 1.6a.   Liquid zone volume Vzone (in units of Rcrystal3 ) as a function of meniscus angle φf (in degrees) at 
the  crystal interface for 0.44crystal limitR L= ⋅ and 0.46crystal limitR L= ⋅    ( 2crystal feed zoneR R L= = ) 
Fig. 1.6b, c.   Zone shapes for stables zones having different volumes 3zone crystalV R =  2.5 and 4.0, 
respectively, but common values of other parameters (φf = 0, 0.42crystal limitR L= ⋅ , Ω = 0, 
2crystal feed zoneR R L= = ) [28]. 
 
Similar behaviour and shapes of floating zones are often observed during growth 
processes. Of course, time evolution of crystal diameter and liquid-vapor interface strongly depend 
on material, input power distribution, growth parameters and initial dimensions of seed and feed 
rods. Sometimes the end of feed rod is ground to produce a cone form, which also affects the time 
evolution of φf during the growth process. The probability of obtaining at steady state crystal 
growth the molten zone shape corresponding to smaller zone volume is more pronounced for 
crystals with large diameters (larger 10 mm). The stability of these two types of the zone shapes for 
the whole growth process is high with respect to small perturbations, and the grown crystals have 
almost the same crystal perfection. But the molten zone with smaller volume is less stable with 
respect to changes of growth conditions, such as change of the input power or moving rates of 
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crystal and feed rod, as well as with respect to the curvature of the solid-liquid interfaces, if the 
latter are very convex towards the melt.  
All these considerations are very important for understanding possible time-dependent 
changes of crystal diameter and floating zone shape, especially at the very beginning of the crystal 
growth process, when the crystal diameter is changed from the seed diameter to the steady state 
crystal diameter with desired molten zone shape and corresponding solid-liquid interfaces. 
Sometimes during the growth process the diameters must be changed in an appropriate way to 
produce a neck, which favours the grain selection. That influences strongly on FZ stability during 
the control of crystal diameter. One of the examples is floating zone growth of SrTiO3 single 
crystals 15-20 mm in diameter, which is described in details below and in Ref. [25]. 
 
φ0
Rcrystal
Rfeed
Vzone
m
ov
in
g 
di
re
ct
io
n
Feed rod
Crystal
φ0
Lzone
Rcrystal
Rfeed
Vzone
m
ov
in
g 
di
re
ct
io
n
Feed rod
Crystal
m
ov
in
g 
di
re
ct
io
n
m
ov
in
g 
di
re
ct
io
n
 
 
 
 
Fig. 1.7.   Schemes of floating zone shapes for 
growth in upwards and downwards with constant 
diameter. The variables used in the analysis of 
zone shape are also presented. 
 
The shape and stability of the molten zone is also strongly influenced by the crystal growth 
direction. The requirement to constant φ0 at the tri-junction point determines the zone shapes for 
upward and downward growth directions Fig. 1.7, which is well confirmed in practice. 
In the present analysis the assumption was made that the melting and solidifying interfaces 
are planar and perpendicular to the direction of the zone motion, convectional flows in the melt are 
absent, which, of course, have some effect on the liquid-vapour interface. More detailed and 
complicated investigations have already been made [37, 38], but the basic view on the floating 
zone shape and its stability [28, 32, 39] has not changed.  
Another effect of solid-liquid interface shape lies in its role in determining the extent of 
faceting on peripheral planes. When such faceting occurs, the external shape of the crystal is not 
longer determined by the meniscus angle requirement (i.e. φf  = φ0) for constant cross-sectional 
growth, but rather by detailed kinetics of layer nucleation and the growth on the peripheral facets. 
For example in Ref [40] the growth angle at the tri-junction for the sapphire Al2O3 was measured 
during FZ growth. In the <0001> growth direction φ0=35° is valued at the faceted tri-junction, 
while φ0=17° at the non-faceted tri-junction rim. In other words, the growth angle φ0 is not constant 
along the tri-junction rim. For a constant growth angle the grown crystal is not perfectly round, and 
this is due to the non-uniform zone length.  
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4.2.     Influence of material parameters on FZ crystal growth 
 
For the floating zone technique with optical heating the temperature gradients in the 
sample are mainly determined by the optical geometries of the furnace, lamp features and the 
sample properties, such as optical and thermal coefficients of the solid and liquid sample material. 
A small (1-5 mm) defocusing of the lamp with respect to the focal point of the ellipsoid strongly 
changes the light distribution and the corresponding temperature profile in the sample [41, 42].  
Temperature fields are also determined by the reflectance, transmittance and emmitance of 
the material in relation to the radiation spectrum on one hand and thermal conductivities, 
dimensions, convection flows and the latent heat of melting/solidification on the other hand.  
One important peculiarity of radiation heating, especially for image furnace and laser 
heating systems, is the feed back between the heating power absorbed and the change of absorption 
and reflection coefficient upon melting. For some materials these values change considerably at the 
melting point [43–46].    
Understanding of these features is very important for crystal growth and the explanation of 
observed phenomena. For example, increase in reflectivity of an opaque substance upon melting, 
such as for silicon, leads to the formation of pattern of crystallographically oriented droplets on the 
solid material surface at the melting point [47–49]. By this the system adjusts the macroscopic 
average reflectivity in such a way that the melting temperature is maintained despite the changes in 
absorption coefficient at the phase transition. I other words, between the point where the surface 
starts melting and the point where all the surface is molten, a substantial increase in heating power 
is necessary to allow for the reduction of the absorptivity, in addition to the latent heat. The 
droplets at the interface are not stable, but move and coalesce in the temperature gradient to reduce 
their surface energy due to the gravity. This often gives the impression that the material is 
“boiling”, and can introduce some irregular vibrations of the zone. These effects are enhanced for 
materials where superheating of the solid is possible, such as for many semiconductors [50]. Apart 
from the movements, the change of reflectivity is advantageous in general, because it leads to a 
self-stabilization of the system. It damps the effect of perturbation or an asymmetry of the light 
flux, unavoidable in the real systems, on the energy flux into the sample (i.e. on the zone height and 
shape, the temperature distribution). 
 Materials with a higher absorption coefficient of the melt than of the solid, such as many 
oxides [49], show the opposite effect. Upon the formation of the melt zone, the power must be 
decreased, and asymmetries in the external radiation can be amplified considerably. Continuous 
attention is necessary for the control of these melt zones.   
 The complex interplay between the different material parameters, temperatures, 
convective flows and the geometry leads to difficulties in determining the temperature field in the 
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mirror furnaces. Due to the recent progress in computing, numerical simulations are now able to 
predict reasonably well some aspects of the process. Numerical simulations as well as analytical 
calculations depend, however, on the availability of reliable thermophysical data. For a lot of 
systems, even well known materials such as silicon, these are often not available with the necessary 
accuracy. Therefore a check against experimental results is necessary.  
 
 
 
4.3. Convection flows in molten zones 
 
The floating zone is not a stagnant drop of melt. Several types of free and forced 
convections may occur [38, 51, 52]. Convection in the molten zone can significantly affect the 
shape of solid-liquid interfaces as well as the zone length. Fluid motion influences strongly on the 
stability of the crystallization process, solute and temperature distributions and perfection of the 
grown crystal.  
Various papers have been devoted to the theoretical and numerical simulation as well as 
experimental studies [38, 53, 56–64] of these phenomena with the aim to elucidate their role in the 
crystal growth process. Experimental investigations of the mass and heat transfer are very 
complicated due to high temperature and high chemical activity of most melts. Computer 
simulations are an effective way to get a deeper insight to the interplay of heat flow and nonlinear 
phenomena [38]. However, 3D simulation for FZ growth considering all factors, particularly the 
zone shape, interfaces, and the grown crystal morphology, in a self-consistent manner has not yet 
been reported. Most of the numerical models for FZ crystal growth are two-dimensional and axis-
symmetrical [54, 55].  
The heat and mass transport phenomena occurring inside the molten zone and near the 
solidification interface have strong relation to the physical properties of the corresponding melts 
and solids. Therefore, every compound has particular features in the transport phenomena. But 
nevertheless, there are common principles governing the transport phenomena in the molten zones. 
In order to simulate the convection patterns, the steady state Navier-Stockes equations 
must be solved numerically [52, 56, 57]. The results of solving of the system of the differential 
equations with approximate boundary conditions are the solutions depending on some 
dimensionless numbers, so called the characteristics numbers. Those govern the strength of 
convectional flows in the melt, and show the relative value of the heat and mass transfer by 
convection and diffusion. One important value seems to be the Prandtl number, which is a function 
of melt parameters: 
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Pr
melt
ν
α
=  , where ν is the kinematic viscosity and αmelt - thermal diffusivity of the melt 
[59–61]. It is related to a ratio of the heat transfer by convection and by diffusion. For small 
Pr << 1 the heat in the melt is basically transferred by diffusion, but for Pr > 1 convection in heat 
transport plays a large role. Almost all metallic melts exhibit Pr in the range 0.004 … 0.03, 
whereas for melts of oxide materials Pr > 1, as a rule.  
 The following forces affecting fluid motion in the melt are present: surface tension, 
buoyancy, centrifugal and electromagnetic forces.  Those initiate different types of convectional 
flows in the molten zone Fig. 1.8. The resultant is a superposition of all the forces with the different 
nature. 
Due to temperature dependence of surface tension of the melt there is thermocapillary (so 
called Marangoni) convection Fig. 1.8a. The flows are commonly concentrated near the free melt 
surface but are much weaker in the bulk melt. For almost all liquids the temperature coefficient of 
the surface tension / Tγ∂ ∂ is negative and convection rolls are directed from the middle of the 
zone to the solid interfaces along the free surface. The strength of the thermocapillary convection is 
governed by the Marangoni number:  
/ crystal
melt melt
T T D
Ma
γ
ρ ν α
∂ ∂ ⋅∆ ⋅
=
⋅ ⋅
, where / Tγ∂ ∂  is the surface-tension-temperature coefficient 
of the melt, ∆T is characteristic temperature difference in the melt, ρmelt is the melt density, Dcrystal 
is a characteristic size of the molten zone [59–61]. This Marangoni number expresses a ratio of a 
characteristic time for Marangoni driven flow and a characteristic diffusion time.  
Due to temperature dependence of the melt density there is a so called natural convection, 
governed by the Grashof number: 
3
2
T crystalg T DGr
β
ν
⋅ ⋅∆ ⋅
=  , where βT is the thermal expansion coefficient, g - the 
gravitational acceleration. The Grashof number is a ratio of buoyancy forces to viscous forces in 
the melt [59–61]. The convectional flows commonly consist of two large rolls in the bulk melt 
volume Fig. 1.8b. The buoyancy force decreases very fast with decreasing molten zone size. 
Therefore for the growth of crystals with dimensions 1-3 mm the natural convection could be 
neglected. 
Centrifugal or rotation driven flows Fig. 1.8c in the floating zone are generated by rotation 
of the crystal and feed rod. The flow patterns depend on rotation rates, zone size and melt 
properties. The governing characteristic number is the rotational Reynolds number, which is ratio 
of the inertia forces and viscous forces [59–61]: 
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2
Re crystal crystal
D
ν
Ω ⋅
=  , where Ωcrystal is a characteristics rotational rate of the crystal and 
feed rod. The rotation driven convection pattern is significantly changed in the zones of high 
kinematic viscosity ν such as Al2O3 compared with Si zones. Therefore, in oxide melts the co- and 
counter-rotation plays much more important role than for metallic or intermetallic melts [59–61]. 
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Fig. 1.8. The schemes of convectional flows in the molten zone: (a) basic rolls of 2nd order of Marangoni 
convection, (b) natural convection, (c) forced convection driven by crystal and feed rotation, (d) 
electrodynamic convection for RF induction heating [20, 38, 58]. 
The radio frequency (RF) electromagnetic field of a coil, which is necessary for induction 
heating, generates a radial electrodynamic force component. As this force is not constant along the 
zone contour, electrodynamically driven flow will be generated Fig. 1.8d. RF-induced 
electromagnetic field with a maximum flux in the middle plane seems to induce in the opposite 
flow direction compared to the Marangoni convection, the maximum velocity can reach 10–100 
cm/sec, which is more than one order higher than the Marangoni convection in the molten zone 
[61]. Sometimes, due to very strong electrodynamic forces and high corresponding Reynolds 
numbers, the convection has turbulent nature. The convection pattern and strength are strongly 
affected by a design of the RF coil, the frequency, electrical melt parameters and the crystal–melt–
feed interface shape.  
The relative importance of different convection types in the melt is defined by other 
characteristic numbers. For example, the relative strength of the buoyancy convection vs. 
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Marangoni convection is often measured with the dynamic Bond number [59–61] 
2
/
T melt crystal
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g D
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β ρ
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∂ ∂
. 
The Stefan number St
melt melting
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∆
=
⋅
 scales the heat of fusion ∆H realized during 
solidification to the heat relax in the melt; Cpmelt is the specific heat of the melt [59–61]. The 
growing interface has the trend to change its shape from convex to concave towards the melt in 
order to dissipate the latent heat generated at interface. On the contrary, the melting interface has 
the reverse trend in order to compensate the latent heat absorbed at the interface. 
One other important energetic characteristic of the molten zone is the Biot number: 
3
melt B melting crystal
crystal
k T D
Bi
ε
λ
⋅ ⋅ ⋅
=  , where  εmelt is the emission coefficient, kB is the Stefan-
Boltzmann constant, λcrystal is the thermal conductivity of the crystal [62]. The Biot number 
indicates the ratio of the heat losses from the molten zone due to the radiation and too the 
conduction into the crystals and feed rod. The Biot number is one of the primary factors when 
relations between the zone length and the supplied power are considered. There are two modes of 
heat dissipation in the FZ scheme. One is a conduction dominant mode (Bi<<1), in which the heat 
is mainly dissipated through the solid-liquid interfaces. The other is a radiation dominant mode 
(Bi>1), in which the heat is mainly radiated from the free melt surface. These modes are defined 
not only by melting temperature of compound as a main factor, but also by thermal conductivity, 
emissivity and crystal diameter (see Table 1.1).  
 
Material Tmelting Biot number 
W 3380°C 0.11 
Si 1412°C 0.06 
Cu 1083°C 2*10-4 
Cr2O3 2260°C 1.86 
Table 1.1.   Biot number of selected materials 
for a fixed crystal diameter Dcrystal=10 mm 
[62].  
 
 The analysis of the temperature gradient at the interface between the crystal and melt 
shows that the heat transferred through the interface to the crystal is mainly radiated from the 
crystal surface and is almost independent on the heat transfer at the crystal end, when the crystal 
length exceeds the critical value ∼ 0(0.75 1.25) CrystalD− ⋅Λ ⋅  ,  where 0 0.9 BiΛ = ⋅  is a 
dimensionless characteristic length [63, 64].  
The Schmidt number is one of the most important characteristics of solute transport in the 
melt. It is defined as 
solute
Sc
D
ν
=  , where Dsolute is a diffusion coefficient of solute atoms in the 
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melt and is a measure of the ratio of solute transport by convection and diffusion, respectively [59–
61]. 
If in the melt there are not only temperature gradients, but also solute concentration 
gradients, then convection patterns are more complicated. The additional convection flows arise 
from solute driven Marangoni force and solute density gradients.  
But, in spite of the melt motion over the solid interfaces, there is always a stagnant 
boundary layer, the so called diffusion boundary layer, at the crystal/melt interface where the 
transport mechanism is purely diffusional and where a steep impurity concentration gradient exists. 
 
4.4.   Stability of the convection flows 
 
The critical dimensionless numbers (Rayleigh, Marangoni and some others) define the 
threshold from the laminar to time dependent and to turbulent convection. For example, for the 
natural convection the critical thermal Rayleigh number is 
3
T melting crystal
T
melt
g T D
Ra
β
ν α
⋅ ⋅ ⋅
=
⋅
 .  
The critical Marangoni number can be fitted reasonably well with the following equation: 
0.62000 PrCMa = ⋅  for 0.01 < Pr < 100 [56]. If the molten zone parameters exceed that 
value, the fluid will not remind steady state laminar flow. The nature of the melt motion will 
become time-dependent. Steady and axisymmetric toroidal convective cells will have 3D structure 
[38]. Growth rate oscillations rather then diffusion boundary layer fluctuations will be observed 
and growth striations will be generated. The frequencies calculated from the striation spacing, 
which are not a result of crystal rotation, are in the range of 0.25-1.2 Hz [65, 66]. When the 
characteristic numbers exceed a 2nd critical value, the convection will have a turbulent nature. 
Owing to the physical mechanism of convective instabilities, the stability of the basic 
thermocapillary flow is reduced with decreasing of Prandtl number.  
One of the most useful techniques to avoid striations in the crystal due to the melt flow is 
the application of external magnetic fields [67]. 
 
4.5.  Segregation effects 
 
The incorporation of impurities in the crystal is characterized by a distribution coefficient. 
In treating a binary solution having solid and liquid phases, one may define an equilibrium 
coefficient k0 as the ratio of solute concentration in the solid CSolid to that in the liquid CLiquid, when 
equilibrium exist between the two phases at a given temperature. If the solute composition in the 
system is decreased, so that the equilibrium temperature approaches the melting point of the pure 
solvent, k0 converges to a constant value. When crystallization occurs very slowly, the solid 
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forming at any moment from the melt has a composition Solid 0 LiquidC =k  C  ⋅ , provided one can 
assume negligible diffusion in the solid [68]. As the crystallization proceeds, the rejection of solute 
by the solid enriches the melt, and so the solid formed in the later stages becomes progressively 
richer in solute. 
However, if crystallization does not proceed slowly, solute atoms are rejected by the 
advancing solid at the greater rate than they can diffuse into the bulk melt. A concentration gradient 
thus develops just ahead of the advancing crystal. It is this enriched region which directly 
determines the rate of solute incorporation into the solid. If LiquidC
∞ is the solute concentration in the 
bulk liquid, where stirring and convection currents keep the composition virtually uniform, one 
may define an effective distribution coefficient keff as a ratio Solideff
Liquid
Ck C∞=  at any moment 
[14, 68].  
True equilibrium presumably occurs only if crystallization speed is essentially zero. When 
crystallization proceeds at finite speed, doubtless the equilibrium at the interface will be disturbed 
at least in some degree. Thus the effective distribution coefficient keff, which describes the over-all 
reaction of solute incorporation in the crystal at non-zero growth speed, may vary with 
crystallization [68]. 
It is assumed that beyond a distance δdiff, from the growing interface the liquid flow keeps 
the concentration uniform, equal to LiquidC
∞ . Within δdiff the normal flow velocity is Vgrowth, and 
here diffusion likewise contributes to the transport. 
The following expression for the effective distribution coefficient in the steady state, if the 
equilibrium prevails at the interface is virtually independently of growth rate [68]: 
0
0 0(1 ) exp( )
eff
growth diff
kk V
k k
D
δ= ⋅
− − ⋅ −
        (Eq. 2) 
Due to rejection of the solute atoms by the solidifying interface there is a solute 
accumulation in the volume of the molten zone. In macroscopic scale this results in a distribution 
of solute elements along the grown crystal. For the case when the mixing is complete in the melt up 
to the diffusion boundary layer from the interface, Pfann [14] developed a well known zone 
melting equation: 
))*
L
kxp(e*)1(1(*)(
zone
0
00 xkCxCS −−−=  , 
where Lzone is the length of the molten zone [69]. The solute distribution in the crystal depends 
mainly on the value of segregation coefficient k0. This phenomenon is well known as longitudinal 
segregation effect. Several examples of longitudinal distributions of solute elements, having 
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different segregation coefficients k0 are presented in Fig. 1.9 for the case of steady state growth 
with constant volume of the molten zone (Lzone =5 mm). 
Owing to some complicated structures of convection patterns in the melt ahead the solid-
liquid interface the width of diffusive layer δdiff will not be the same in radial direction and, as 
consequence, there is a radial dependence of the effective segregation coefficient keff (see Eq. 2). 
This effect results in so called radial segregation phenomenon [70, 71], i.e. radial distribution of 
solute elements. The curvature of the solidified interface also plays a role in the radial solute 
distribution. 
Thus, knowledge of segregation features is very important for the predicted crystal growth 
and sample preparation with desired physical properties. In the present work the longitudinal 
segregation phenomena were observed for the case of Ru2Si3 and ReSi1.75 with Al, Mn and Rh as 
doping elements (see below). The radial segregation of the composing elements and the 
corresponding strong effect on the superconducting and magnetic properties was studied in 
HoNi2B2C single crystals (see below). 
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Fig. 1.9.  Solute element distribution along the 
crystal length for different segregation coefficients 
k0 (for the case of FZ technique). 
 
 
4.6.   Constitutional supercooling  
 
All the growth techniques from the melt have an important common mechanism of process 
limitation – the melt supercooling in front of the solidification interface, which destroys the 
morphological stability of the solidification interface and leads to cellular and dendrite structures in 
the solidified material.  
Two kinds of melt supercooling at the solidification interface are possible [72]. The first is 
thermal supercooling, which appears if the following condition is fulfilled at the interface: 
( ) 0m interfacen grad T⋅ <
r
 , where n
r
 is a unit vector perpendicular to the interface directed 
toward the melt and Tm is the temperature in the melt.  
In this case the latent heat liberated at the solidified interface plays the most important role. 
With an increase of growth rate Vgrowth the conductive heat flux into the growing crystal decreases 
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and the latent heat component increases linearly in the energy balance at the solidified interface. 
Therefore, this supercooling is due to the heat transfer on the lateral surface of a specimen and 
leads to the breakdown of morphological stability of the solidification interface in pure materials 
followed by cellular and dendritic structures in the specimen. 
The second kind is constitutional supercooling, which appears when the following 
condition is fulfilled [73]: 
(1 )
( ) eff melt growthm interface
m k C V
n grad T
D
− ⋅ − ⋅ ⋅
⋅ <
r
 ,  
where Cmelt is the solute concentration in the melt, m=dTF/dCmelt is the liquidus slope of the 
relevant phase diagram, Vgrowth is the pull rate, D – the diffusion coefficient of the solute in the 
melt, keff  – the effective segregation coefficient.  
The constitutional supercooling is one of the reasons for polycrystallization and 2nd phase 
precipitation during crystal growth process. In the model of Burton-Prim-Slichter [68] there is the 
following explanation of this phenomenon. During the crystallization process the solute 
concentration in solid and liquid phases will increase up to the stationary regime for the given 
crystallization rate. In this regime the solute concentration accumulated in front of the 
crystallization interface will be the same as the solute amount that diffused from the interface into 
the bulk melt. In this case the solute concentrations in solid state and in the liquid at the interface 
have maximum values CSolid and Csolid/k0, respectively.  
At the steady state regime for k0<1 the solute concentration decreases exponentially with 
the distance from the solid-liquid interface (Fig. 1.10a):  
0
0
1( ) 1 exp( )growthmelt melt
VkC x C x
k D
∞  −= ⋅ + ⋅ − ⋅ 
 
 , where meltC
∞  is the solute concentration in 
the melt phase beyond the length δdiff.  The equilibrium liquidus temperature for the melt will be  
growth0
liquidus 0
0
V1T (x) T m 1 exp( x)
Dmelt
kC
k
∞  −= − ⋅ ⋅ − ⋅ − ⋅ 
 
 , where T0 is the melting 
temperature of the pure solvent, m is the slope of liquidus line. But the real temperature distribution 
in the melt near the interface can be approximate by a linear function: m 0 mT (x) T gradT x= + ⋅  
(see Fig. 1.10a). 
If near the interface T(x) < Tliquidus(x) then constitutional supercooling and the loss of 
morphological stability of solid-liquid interface occur [74, 75]. This case is corresponding to the 
small temperature gradient (line 2 in Fig. 1.10a), where liquidus temperature is larger than 
temperature of the melt. For a large temperature gradient in the melt (line 1 in Fig. 1.10a) this 
phenomenon is not observed and the solidification interface is stable. 
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Fig. 1.10.   The solute concentration and corresponding liquidus temperature distributions in the melt in front 
of the solidification interface (a) and the scheme of stability region under supercooling (b). 
 
Thus, the model of Burton-Prim-Slichter for the effective segregation coefficient keff leads 
to the following expression  for the onset of constitutional supercooling in front of the solidification 
interface [76]: 
0
0 0
(1 )( )
(1 ) exp( )
melt growth
m interface growth diff
m C V kn grad T VD k k
D
δ
∞− ⋅ ⋅ −
⋅ < ⋅
− ⋅
+ − ⋅
r
   (Eq. 3) 
The 2nd factor in this expression takes into account the effect of convection. Since k0<1 in 
the most cases, convection enchances the morphological stability of the solid-liquid interface. It 
also shows that the onset of melt supercooling depends on the pulling rate Vgrowth. Moreover, this 
parameter affects indirectly via the value of gradTm. This value is governed by the solutions of the 
energy transfer equations for the melt and solid phases together with the energy balance at the 
solidification interface, which all involve components dependent on Vgrowth [76]. 
The expression obtained for the onset of constitutional supercooling includes the 
parameters of the phase diagram, thermodynamical characteristics of the solid and molten phases, 
as well as heat and mass transfer parameters involved in the process. The analysis of this 
expression [72] shows that for materials with small Prandtl numbers (Pr << 1) and large Schmidt 
numbers (Sc >> 1), convective transport in the molten zone leads to inhabitation of constitutional 
supercooling and to an increase of the threshold pull rate at which this take place.  
The real diagram of interface morphological stability is somewhat more complex. (see 
Fig. 1.10) and the latent heat ∆H also plays some stabilizing role [77]. Here λ is thermal 
conductivity of the melt.   
One more important characteristic of the cellular growth is the cell size. It is defined by the 
speed of the interface and the thermodynamic parameters of the material: 
1
Growth
a
V
β= ⋅  , where 
β is a material constant [77]. 
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Thus, the constitutional supercooling occurs easier with increasing growth rate, solute 
concentration in the melt and liquidus slope in the phase diagram or with decreasing temperature 
gradient in front of the interface and segregation coefficient [71]. 
 
4.7.   Traveling solvent floating zone (TSFZ) technique 
 
An important growth feature of incongruent melting materials by floating zone technique is 
that the molten zone has another composition as the solidifying material. Generally, for these 
compounds the melt composition changes itself by primary phase precipitation at the initial steps of 
crystallization, if feed rod and initial molten zone compositions both are of the stoichiometry of the 
incongruent melting compound. But, this primary phase can generate new grains that are not 
favorable for growth of high quality single crystals. During the whole further crystallization 
process the molten zone composition should keep the same composition, if the molten zone volume 
is not changed and the compositions of molten and solidified materials consist.  
Sometimes it is more convenient, if the incongruent melting phase is solidified from the 
first moment of the crystal growth, without primary phase precipitation. In this case, in the very 
beginning of the crystal growth process an additional piece of another composition is placed 
between seed and feed rod, so that the initial molten zone would have the peritectic composition or 
the composition within the primary solidification range of the peritectic phase.  The melting and 
precipitation of the material with the same composition leaves the melt composition at the same 
point of the phase diagram during the whole growth process that, in one turn, provides 
crystallization of single phase and for appropriate conditions a single crystalline substance. 
Therefore along the term of floating zone method (FZ) there is a term of traveling solvent floating 
zone method (TSFZ). The latter is a modification of the floating zone technique for growth of 
incongruent melting compounds [78]. In the last 20 years this technique was extensively used for 
growth of superconducting cuprates [79, 80].  
One of the most important parameters in the TSFZ method is the maximum zone travel 
rate. Due to high concentration of the solvent in the molten zone the growth rate should be much 
smaller than in the case of congruent melting materials in FZ technique. Otherwise constitutional 
supercooling occurs in front of the solidification interface and 2nd phase precipitations and 
generation of new grains are observed.   
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5.  Experimental evidence for phenomena predicted by the crystal 
growth theory in intermetallic systems. 
 
5.1.     Thermocapillary convection in intermetallic melts 
 
Intermetallic compounds have melt properties very similar to Si melt, i.e. the Prandtl 
numbers of the melts are much less then unity. This means that the heat is spread inside the melt 
mainly by diffusion. But near the free surface of the melt there are very strong thermocapillary 
convectional flows due to the temperature dependence of surface tension. In the middle region 
there are natural and forced convection, but for intermetallic compounds they are much weaker in 
comparison to the Marangoni convection.  
Sometimes fluid flows are visually observed on the melt surface by moving of small solid 
particles (in intermetallics those are mostly oxide particles) over the free surface. But in most cases 
the presence and influence of convectional flows is studied by observation of solid-liquid interface 
curvature in quenched floating zones.  
  
Quenched floating zone
1 mm
Thermocapillary 
convection
Forced and natural 
convection (weak)
Crystal edge 0.5 mm
Quenched melt
Crystal edge
a)
c)
b)
 
Fig. 1.11.   The edge of solid-liquid interface of a HoNi2B2C crystal (a), scheme of convectional flows (b) 
[81] and  2nd phase precipitations at the edge of a HoNi2B2C single crystal due to turbulent nature of 
Marangoni convection at large values of the molten zones (c).  
The metallographic picture (Fig. 1.11a) shows the peripheral part of the molten zone, 
which was quenched at the end of HoNi2B2C crystallization. Due to peritectic formation of 
HoNi2B2C the melt composition differs with respect to the solidified material. That is a reason that 
in the quenched melt a large amount of 2nd phase (light phase in Fig. 1.11a) is observed.  The 
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presence of thermocapillary convection is obviously shown as a result of curvature change of solid-
liquid interface Fig. 1.11a, b. 
For small zone lengths the crystallization of only one phase takes place. If zone lengths 
exceed some value, the precipitation of 2nd phase at the edge region of the crystal is often observed 
(Fig. 1.11c). The reason seems to be an increase of the Marangoni number over the threshold and a 
corresponding change of the thermocapillary convection flows from stationary to time-dependent 
or turbulent flow. 
In the case of oxide materials the convection flows play much more pronounced role. The 
Prandtl number of oxides is commonly larger then unity and convection flows change the solid-
liquid interface shape not only near the free melt surface but also in the central part (see 
Fig. 1.11b). On the same reason critical characteristic numbers are larger, than those of 
intermetallics and constitutional supercooling phenomena are observed more rarely. 
 
5.2.  Influence of the convection on constitutional supercooling in front of 
solid-liquid interface 
 
The different width of the diffusive layer in front of the solid-liquid interface leads to 
different conditions for constitutional supercooling (see Eq. 3). The reason for the behavior seems 
to be convectional flows in the melt. 
In  Fig. 1.12 the longitudinal section of a quenched molten zone with the last part of the 
Ru2Si3 crystal (Fig. 1.12a, b) and a cross section (Fig. 1.12c, d) of the same crystal are shown. The 
presence of constitutional supercooling in the central part is obvious and correspondingly 
inclusions (RuSi phase) in the Ru2Si3 crystal are observed.  
In the central part there are weak flow rolls of natural and forced convections. Here the 
attention should be paid to diffusive nature of the mass and heat transfer in the melt and the width 
of the corresponding diffusive layer is relative large. At the peripheral part of the crystal the 
stronger Marangoni convection is present and defines the nature of melt flows. Therefore, the 
expected width of diffusive layer is narrower than in the centre. Between the two convection rolls 
there is a sharp boundary (Fig. 1.11b). The influence of convection on the diffusive layer width δdiff 
is the possible reason for the different conditions of constitutional supercooling across the solid-
liquid interface. 
 The difference in the temperature gradients at the interface at the central part and the edge 
is also possible. But in this case  the  sharp boundary between the crystallization conditions for the 
two regions of the crystal (Fig. 1.12) should not be observed. 
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Fig. 1.12.   Results of Ru2Si3 crystal growth from Ru enriched feed rod (Ru2Si2.98). 
a) Longitudinal section of the quenched molten zone. 
b) Enlarged part of solid-liquid interface with cellular structure peculiar to constitutional supercooling effect. 
c) Cross section of the grown crystal 
d) Enlarged part with presence of eutectic phase RuSi only in the center of the crystal. 
 
 
6.   Techniques used for determination of the crystal perfection 
 
Grown crystals display always defects of different types, which form during and after the 
crystallization process. Depending on their nature these defects can influence the properties of the 
crystals significantly. In some cases those defects should be studied to understand their formation 
Chapter 1.  Introduction: theory and experiment of crystal growth 
 
 
 34 
nature and to try eliminating them. In the present work different methods were used for detection 
and investigation of different crystal defects as well as characteristic physical properties, which are 
sensitive to the crystals perfection, to reveal perfection and homogeneity of the grown samples. 
Optical metallography.   The microstructure of the grown crystals were investigated by 
optical metallography with the polarization microscope Axiovert 25 equipped with Carl Zeiss 
digital camera. The different phases and grain structure can be observed by color contrast of the 
obtained image. The precondition for the optical metallography is preparation of the metallographic 
sections by several stages polishing up to 0.25 µm roughness. The polarization of the light reflected 
from the sample surface is changed with respect to the crystallographic orientation of the grain. 
Therefore the grain boundaries owing to orientation contrast are visible due to non-cubic symmetry 
of the crystallographic system. For the case of RE-borocarbides different grains with misorientation 
up to 2-3° can be observed (Fig. 2.7).  
The polarization change of the reflected light from other phases is larger than the 
difference between two different grains. Therefore, the light contrast is much larger and 
identification of 2nd phase presence shows resolution up to 0.1 mol% (Fig. 4.4), that is much better 
than in XRD analysis (about 3–5 mol%).  
SEM.  Higher resolution is achieved in scanning electron microscope (SEM Philips XL 
30), where the magnification from 30 to 3000 is possible and fine microstructures even in eutectic 
textures are observed. Especially contrast pictures are obtained when in addition to the secondary 
electrons (SE) also the back scattered electrons (BSE) are detected (Fig. 4.5). Compositions of 
selected phases are determined by electron probe microanalysis (EPMA) applying EDX (energy 
dispersive X-ray) or WDX  (wavelength dispersive X-ray) modes. The EDX technique can quickly 
identify with sufficient accuracy (2–5 mass%) the content of heavy metallic elements. WDX mode 
is more appropriate for light element content, such as B or C with a statistic error about 4 mass%, 
whereas for metals it is about 1 mass%. 
X-ray Laue.   The perfection and the orientation of the crystals is also defined by the X-
ray Laue back scattering technique at a Seifert facility with white Wolfram X-ray radiation and a 
STOE image plate system. The sharpness of the spots on the obtained diffraction pattern gives 
information about crystal perfection, internal stresses, twinning and mosaic structure (Fig. 2.4). The 
requirements for the Laue scattering technique are also the preparation of non-stressed polished 
section. The obtained picture is transformed into digital format and is compared with a simulated 
one, if the lattice parameters are known. Then the crystal orientation can be determined. 
XRD.   The constituent phases of the samples, crystal symmetry and lattice parameters are 
revealed by means of powder x-ray diffraction analysis with a STOE automated multipurpose 
powder diffractometer (STADIP-MP) or a Siemens D 5000 in Bragg–Brentano geometry using 
CuKα or CoKα radiation. The scans range from 2Θ=18° to 2Θ=80° with a step size ∆Θ=0.01°. The 
data of the crushed sample powders were treated with a Philips-APD software package. 
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 Wet chemical analysis.   Chemical composition of the crystals, feed rods and quenched 
floating zones was analyzed by wet analytical methods such as gravimetry and titrimetry. The 
content of the constituent elements was determined with the accuracy about 0.2 - 0.3 mass%.  
In a titration, increments of a reagent solution the titrant are added to the analyte until their 
reaction is completed. From the quantity of titrant required, the quantity of analyte can be 
calculated that must have been present. The equivalence point occurs when the quantity of added 
titrant comes up to the exact amount necessary for stochiometric reaction with the analyte. Actually 
measured is the end point, which is marked by a sudden change of a physical or chemical property, 
e.g. the electrochemical potential, conductivity, pH, the color of an indicator etc. 
Mass-spectrometry.   Inductively coupled plasma quadrupole mass spectrometry (ICP 
MS, PlasmaQuad 2+, VG Elemental, Winsford, UK) and optical emission spectrometry (ICP OES, 
IRIS, Thermo Jarrel Ash) were used to reveal the concentration of the most major, minor and trace 
components except H, N, O, F, as well as for purity determination of the initial material and 
prepared specimens. Samples were analyzed either after a dissolution using liquid nebulizing or 
directly using laser-assisted ablation of the sample (Nd:YAG laser 266 nm)  in inert gas flow (Ar, 
He). The aerosol obtained after the sampling was introduced into the plasma torch where the 
aerosol particles were atomized and excited/ionized. 
Hot gas extraction method.   Carrier hot gas extraction method determines the content of 
oxygen as impurity phase in metallic or intermetallic samples with accuracy about 1 mass%. The 
technique is based on the high temperature gas chromatography. The reaction of oxygen in the 
sample at high temperatures (700-2700°C) with carbon forming COx in electrically heated furnace 
and following selective CO and/or CO2 detection by infrared absorption (Analyser TC-436DR / 
LECO USA) gives quantitative determination of the oxygen in intermetallics with accuracy 0.5–
5wt%.  
DTA.    The solidification behaviour has been revealed up to a maximum temperature of 
2000° C by employing a DTA (high temperature differential thermo analysis) technique (Setaram 
92-24) in flowing He (99,999%). The sample is placed into graphite or Al2O3 crucible and heated 
with a constant rate (usually 10–20°/min). The temperature difference between the sample and 
reference crucible is measured with W/Rh thermocouples, which is proportional to the heat flow 
from the sample. Large heat flow changes in a small temperature range can give information about 
phase transformations in the sample investigated (Fig. 2.2). 
Magnetic measurements.    For studies of superconducting or magnetic properties the 
resistivity and AC susceptibility of the sample are measured. A Lakeshore AC susceptimeter 
(model 7225) or a commercial Superconducting Quantum Interference Device (SQUID) 
magnetometer are used with the frequency 133 Hz, magnetic field up to 20 kOe in the temperature 
range 2 – 300 K. 
Transport measurements.    The electrical resistivity and magnetoresistivity 
measurements were carried out using AC transport option of Physical Property Measurement 
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System (PPMS, Quantum Design) by conventional four-probe method in the temperature range 
from 300 K down to 1.2 K in a DC magnetic field up to 60 kOe.  
Specific heat.  Specific heat was studied in the range 2 – 300 K at zero magnet fields by 
Quantum Design PPMS9.  
Neutron diffraction experiments.  The magnetic superstructures, modulation vectors, 
nuclear structure and lattice parameters were measured by elastic neutron diffractometry. The 
neutron scattering experiments were performed at the Flat-cone neutron diffractometer E2 in Berlin 
Neutron Scattering Center (Germany). The radiation source was monochromatic neutrons with 
energy corresponding to the wavelength λ=2.4 Å.  The crystal position angle Ω was changed with a 
step ∆Ω=0.2° every 25 seconds, the angle range of the sensitive detector was 2θ = 5° – 85°. One 
neutron diffraction pattern was obtained for every crystal position. Then the 900 obtained spectra 
were recalculated from 2θ–Ω coordinates into reciprocal space.  
X-ray topography.   The crystal structure perfection has been investigated by X-ray 
angular θ-2θ scanning topography with a CuKα doublet point source of 50 x 50 µm2 at 180 mm 
distance from the test sample [82, 83] and X-ray double crystal diffractometry (double crystal 
diffractometer - CuKα1-line with (111) Si-monochromator). The sample is rotated at an angular rate 
ω, but the photographic film, placed directly in front of the X-ray detector and perpendicular to the 
diffracted beam, is rotated at an angular rate 2ω.  This technique is sensitive to misorientation of 
the grains in the crystal and allows observation of images from the chosen reflection of all the 
grains with misorientation less than the scan interval (2-3°).  
Dislocation density.   Dislocation densities for SrTiO3 single crystals were estimated from 
etch pits using 1HF : 2HNO3 : 2H2O as a selective etchant for dislocation in the (001)-oriented 
plane. 
Optical transmission.  The optical absorption of SrZrO3 crystals was recorded with a 
spectral photometer Perkin Elmer Lambda-900 in a range of 200 – 2500 nm and with a Fourier 
spectrometer IFS-113v in a range of 2 – 10 µm (Fig. 5.10).  
Dielectric properties.   The dielectric constant was measured using a Solartron SI 1260 
Impedance/Gain-Phase Analyzer at a frequency 1 kHz in a temperature range between 10 K and 
300 K by cooling at a constant rate of 1 K/min. The temperature dependence of the real part of the 
dielectric constant is presented in Fig. 5.11. 
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Chapter 2  
 
Crystal growth of superconducting compounds by FZ 
technique 
 
 
FZ growth and high structural perfection of RENi2B2C single 
crystals  
 
1.   Motivation 
 
The low temperature properties of the recently discovered [84–86] family of rare earth 
(RE) nickel borocarbides RENi2B2C have been a subject of many theoretical and experimental 
investigations [88–91]. The decrease of the superconducting temperature Tc in the sequence of 
RENi2B2C for RE=Lu, Y, Tm, Er and Ho (see Fig. 2.1) can be interpreted as due to the 
pairbreaking effect of the magnetic moments carried by the rare earth ions [92], according to the de 
Gennes factor (gJ-1)2J(J+1), and to changes in the electronic states due to volume effects. In these 
compounds the magnetic and the superconducting transition temperatures are close to each other. 
This results in a competition between magnetism and superconductivity.  
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Fig. 2.1. Critical temperatures for superconductivity, 
TC, and for antiferromagnetic ordering, TN, for 
RENi2B2C compounds. DG is the de Gennes factor, g 
the Lande factor and J the total angular momentum of 
the RE3+ Hund rule ground state [91]. 
The structure of the RENi2B2C compounds is tetragonal with space group I4/mmm and 
presents a new structure class of quaternary intermetallics [85]. It may be considered as a layered 
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structure consisting of alternating RE-C and (NiB)2 sheets. The latter serves as a cushion, allowing 
the structure to form.  
Magnetic ordering in borocarbides arises from the rare earth ions. There are two in a unit 
cell: one is at the origin and the other one is at the body-centered position. No ordered magnetic 
moment was detected on the Ni site.  
HoNi2B2C is found to be the most interesting compound in the RENi2B2C system. 
HoNi2B2C becomes superconducting at about 8 K, then returns to the normal state at 5 K, and 
finally re-enters the superconducting state with further decrease of the temperature. This behavior 
is closely connected to the magnetic ordering behavior in this system [93, 94]. Recent studies [92–
95] characterized its low temperature magnetic properties as follows: crystal field effects force the 
Ho moments along the ab plane (with a weak in-plane anisotropy) leading to anisotropic magnetic 
properties below 100 K. The Ho moments have strong ferromagnetic interplanar coupling and 
relatively weak antiferromagnetic intraplanar interactions. 
 Below Tc, but above approximately 6 K the local magnetic moments associated with the 
Ho3+ ions are paramagnetic. At around 6 K two incommensurate oscillatory modulated magnetic 
structures are formed, at least one of them is destructive to superconductivity. One is a c-axis spiral 
incommensurate structure with a modulation vector (0 0 0.91). This structure contains 
ferromagnetic layers in the ab plane as in the commensurate structure, but adjacent layers along the 
c-axis have a relative alignment of ∼163.4° instead of 180°. Below 6.5 K, another incommensurate 
structure develops with an a-axis modulation (0.55 0 0). Below 5 K, where the superconductivity is 
re-entrant, both incommensurate structures lock into the commensurate antiferromagnetic one. This 
allows the superconductivity to return and to coexist with the antiferromagnetism at least down to 
1.2 K [96, 97].  The ordered moment is 8.62 µB and the easy axis is along (110) [98]. The spiral 
state plays the decisive role in determining the competition between superconductivity and 
magnetism in HoNi2B2C [99]. Initially it was thought that the c-axis spiral structure is responsible 
for the re-entrant behavior at 5 K, as this structure produces a net field on the Ni ions that are 
responsible for superconductivity [93]. However, recent measurements on HoxY1-xNi2B2C indicate 
that the a-axis structure might be responsible for the re-entrant behavior [100]. To clarify these 
questions high-resolution low temperature neutron diffraction measurements of large size single 
crystals with high structural perfection are desired. 
The considered compounds show the presence of a homogeneous region about of 1-4 at% 
around the stoichiometric composition [101, 102]. The corresponding changes in the lattice 
parameters and unit cell geometry, i.e. “chemical pressure”, influence strongly on the 
superconducting and re-entrant features of the materials obtained [103, 104]. It was shown  that the 
re-entrant behaviour is very sensitive to composition variations in polycrystalline samples and is 
only observed within a small interval 130.3 Å3 > V > 130.2 Å 3 of the unit cell size [102]. 
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An anisotropic upper critical field and re-entrant superconductivity in an external magnetic 
field was revealed in HoNi2B2C single crystals grown by the Ni2B flux method [96, 105] and in 
bulk crystals grown by the floating zone the method [106]. Different from polycrystalline samples 
so far HoNi2B2C single crystals did not reflect the interesting feature of re-entrant 
superconductivity in zero external field. Moreover, studies of the obtained crystals and 
corresponding interpretation of the measured data is in some extent complicated, since flux grown 
crystals have a plate-like habit in ab plane with a small size in c-direction (about 0.1 – 0.5 mm) and 
FZ grown crystals revealed cracks and sometimes other phase inclusions [103, 107, 108]. 
Therefore, developing of the growth technology for producing large-sized and high perfection 
RENi2B2C single crystals is of great interest. 
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Fig. 2.2. Pseudobinary section of 
Ho-Ni-B-C phase diagram, 
corresponding to HoNi2B2C 
crystal growth. Appropriate DTA 
plot is shown (in red colour) 
[103]. 
Important thermodynamic RE-Ni-B-C phase diagram features for RE=Y, Tb and Ho [103], 
provide a basis for tuning the growth process parameters for preparation of single crystals. The 
RENi2B2C intermetallic compounds form peritectically (see Fig. 2.2) at the temperatures Tp = 
1500-1550°C (for HoNi2B2C Tp = 1527°). The inherent composition difference at the growing 
interface drastically limits the growth parameters. In the present work the focus was made on the 
preparation of YNi2B2C, TbNi2B2C and HoNi2B2C single crystalline samples with sizes at least 5-6 
mm in all crystallographic directions. The main objective was the crystal growth of intermetallic 
HoNi2B2C compounds by vertical floating zone melting technique with radiation heating for 
different growth conditions in order to prepare single crystalline specimens, which display a variety 
of superconducting features involving re-entrant superconductivity. Relationships between the 
superconducting behaviour, the composition and structure parameters of the single crystalline 
samples are established. 
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2.   Experimental 
 
Starting materials were metal pieces of rare earth elements Y, Tb, Ho and Dy (99.9 %, 
Ames Lab.) as well as powders of Ni (99.9 %, MaTeck), 11B isotope (99.95 %, Eagle Picher) and C 
(99.99 %, MaTeck). The initial components were weight in a desired ratio, mixed and pressed 
together into tablets 15 mm in diameter and 10-15 mm in height with a stainless steel die. The 
special attention was paid to the purity of the initial elements and in all technological steps with the 
materials, especially with respect to oxygen contamination. The surface of the RE metal pieces was 
mechanically grinded in Ar atmosphere to remove all the oxide traces.  
The feed rod preparation technique of RENi2B2C compounds has some differences with 
respect to the conventional one [109] and also some contrivances to reduce losses during the 
preparation and to obtain polycrystalline rod with predefined composition. The powder form of the 
initial materials, in spite of higher oxygen contamination, is a great advantage for prevention of 
refractive carbide and boride formation (in the case of YNi2B2C these are B4C (2400°C), YC2 
(2415°C), YB4 (2800°C), YB2C2 (2250°C) [109, 110]) and for reduction of losses during chemical 
reaction between the elements. The RENi2B2C compound was synthesized by melting the pressed 
elements by fast heating in a Hukin type cold copper crucible with RF melt levitation. Then it was 
remelted in an arc-melting furnace on a water-cooled copper plate for a homogeneous 
polycrystalline sample. The weight losses during such preparation were about 0.1 – 0.3 wt%, that is 
5 – 10 times lower than in the conventional arc-melting technique.  Polycrystalline rods of 6.3 mm 
in diameter and 60 – 85 mm in length were cast in the same with a Hukin type cold copper crucible 
facility. All the procedures were fulfilled in purified Ar atmosphere and described in details in the 
Chapter 1.  
The crystal growth process was performed in a laboratory type apparatus URN-2ZM for 
FZ crystal growth with a vertical double ellipsoid optical configuration with 5 kW air-cooled xenon 
lamp. More detailed information is given in the Chapter 1. or in Ref. [24, 26]. The crystals were 
grown with slow rod traveling rates of 1.0 mm/h to 1.5 mm/h and asymmetric counter-rotation of 
crystal (20 – 60 rpm) and feed rod (10 – 30 rpm). The ambient gas was argon 2–3 bar pressure and 
6–10 l/h gas flow continuously purified with Ti-getter (CENTOR). The purity of the flowing argon 
was measured with a ZIROX oxygen measuring system and was below 0.1 volppm of O2.  
 
 
3.   Perfection of the grown crystals  
 
The obtained crystals of YNi2B2C, TbNi2B2C and HoNi2B2C were 6 mm in diameter and 
30–50 mm in length. The preferred orientation of the grown crystals was [110] with two well-
Chapter 2   Crystal growth of superconducting compounds by FZ technique 
 
 
 41
developed facets parallel to the (001) plane with respect to their tetragonal symmetry. The best 
crystals are crack free, have no traces of 2nd phases and the length of the single crystalline part is 
20–40 mm. Two samples of the crystals and corresponding cross section in polarized light are 
presented in Fig. 2.3. The uniform contrast over the cross sections (see Fig. 2.3 right) confirms high 
extent of the crystal perfection and the absence of other oriented grains within the accuracy < 1°. 
Fig. 2.4a displays X-ray Laue back-scattering pattern of a HoNi2B2C crystal showing no twinning 
and distortion by high stresses in the bulk material. Crystal perfection is proved by the width of the 
neutron nuclear scattering peaks (so called width of neutron rocking curve) obtained as a result of 
diffraction on atomic planes of a whole sample with dimensions 6 x 6 x 12 mm3. One of the 
neutron rocking curve patterns obtained for (103) Bragg reflection is shown in Fig. 2.4b. The curve 
half-width is about 0.45°, that is the same order as the instrument resolution of the diffractometer 
used. Widths of other reflections yield the same result. Therefore the overall misorientation of 
subgrains in a large single crystal confirms high structural perfection of the prepared single 
crystalline samples. 
TbNi2B2C single crystal
HoNi2B2C single crystal
HoNi2B2C
TbNi2B2C
2 mm
HoNi2B2C
 
Fig. 2.3.   Single crystals of TbNi2B2C and HoNi2B2C grown by the FZ technique and the corresponding 
cross sections in polarized light.  
From the grown crystals oriented single crystalline samples with dimensions 1-5 mm were 
cut out for different physical measurements. Several single crystalline samples of HoNi2B2C and 
YNi2B2C are shown in Fig. 2.5. 
Several crystals have been subjected to additional heat treatments at temperatures 900° - 
1400° for 12–150 hours to study the equilibrium state of the crystal structure and the effect of the 
treatment on the crystal defect structure and physical properties. 
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Fig. 2.4.   X-ray Laue back scattering pattern (a) and a neutron rocking curve of HoNi2B2C single crystal (b). 
A noticeable improvement of the crystal perfection with respect to the early reported 
samples [103, 107] is shown in Fig. 2.6 for a YNi2B2C crystal. Resistivity measurements show a 
residual resistivity ratio RRR=39 and a width of the superconducting transition (from 90 % to 10% 
of the normal resistivity) about ∆Tc= 0.1 K. The values are much better than those reported up to 
date as ∆Tc= 0.7 K for FZ grown crystals [106, 108] and ∆Tc= 0.25 K for the best flux grown 
crystals [111] and RRR not larger then 20 [103, 111]. 
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Fig. 2.5.   Oriented single crystalline samples of HoNi2B2C and YNi2B2C for physical measurements. 
The dramatic improvement of crystal perfection was achieved by revealing of growth 
features of RE-borocarbides and corresponding control of crystal purity, solid-liquid interface 
curvature and segregation phenomena by growth parameters and alloy preparation.  
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Fig. 2.6. Resistivity measurements for 
previous (green) [103] and recent (blue) 
single crystals of YNi2B2C. Inset: the 
enlargement of the presented super-
conducting transition. 
 
 
4.   Growth features of RENi2B2C 
 
Every compound due to specific nature of crystallization has some growth features, which 
can be observed during crystal growth process and strongly affect the perfection and properties of 
the obtained specimens. In this paragraph the basic crystal growth peculiarities and problems for 
preparation of RENi2B2C high quality single crystals by FZ technique will be described in details. 
 
4.1. Cracks and grain selection 
 
Cracks are one of the undesirable macroscopic crystal defects, which do not only strongly 
reduce sample size for physical measurements but also result in difficulties and sometimes in the 
impossibility to produce reliable physical measurements.  
Cracks in the grown crystals of RE-borocarbides are observed as a rule due to presence of 
misoriented grains. During the cooling process after crystallization owing to the dependence of 
thermal expansion coefficients on the crystallographic orientation strong thermal stresses may arise 
between the grains. Those result in cracking and crushing of the grown samples. The single 
crystalline nature of crystallization and reduction of all possibilities for new grain generation 
strongly diminish any crack formation.  
The solid-liquid interface curvature between the growing crystal and the melt is one of the 
prime factors of the macroscopic defect formation and the control of the interface. It is one of the 
keys to high perfection of the grown crystals. For the melts of RE-borocarbides the presence and 
the influence of convection is verified by studying the solidified interface patterns. A very strong 
dependence on the liquid zone length is observed as shown in Fig. 2.7. In the both growth 
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processes Fig. 2.7a and Fig. 2.7b seeding was onto a polycrystalline rod. Very fast grain selection 
is shown in TbNi2B2C with extreme convex interface shape towards the melt (Fig. 2.7b) but the 
absence of this denied effect in the case of HoNi2B2C (Fig. 2.7a) with a larger molten zone, and 
corresponding slightly convex nearly flat solidification interface. 
Growth direction
b)
5 mm
a)
 
Fig. 2.7.   Initial parts of HoNi2B2C (a) and TbNi2B2C (b) crystals (6 mm in diameter) grown at the molten 
zone length of 6.2 and 5.4, respectively. Seeding was on polycrystalline rods. 
 
4.2. The nature of 2nd phase inclusions in RENi2B2C compounds 
 
The presence of other phases in the grown samples also restricts strongly the application of 
the bulk material. The 2nd phase inclusions may result in crystal cracking, the generation of new 
grains, changes in expected physical properties and a change of crystal stoichiometry after heat 
treatment of the material due to dissolving of the parasitic phases in the matrix [112–114]. The 
appearance and habits of 2nd phase inclusions can give information about the nature of precipitation 
process [115]. This knowledge can help eliminating the possibilities of 2nd phase precipitation by 
control of growth parameters and feed rod compositions. The knowledge of an appropriate phase 
diagram can also give some primary information about possible 2nd phases. The sketch of one 
pseudobinary phase diagram corresponding to RENi2B2C (RE=Y, Tb, Ho, Dy, Er) crystal growth is 
shown in Fig. 2.2. 
There are two possibilities of 2nd phase precipitation in the crystal matrix. The first one is 
precipitation from the melt due to appropriate melt composition or non-equilibrium processes at the 
solidification interface. The second possibility is a precipitation from the solid state during cooling 
process due to some features of the solidus line shape such as retrograde solubility of the 
compound. These two problems will be discussed more detailed for the case of FZ grown RE-
borocarbides. 
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For RENi2B2C compounds, where RE=Y, Tb, Ho, Dy, Er the following phases can be 
observed in the grown crystals: The primary phase - REB2C2 and so called low melting (often Ni-
rich) phases RENi4B, NiB2, NiB3, RE2Ni3B6, RENiBC and several other, constituent phases in the 
eutectic complexes in the solidified material. Most of the precipitates in crystal are due to incorrect 
growth parameters, composition deviations of the melt and feed rod and some instabilities of the 
growth equipment. 
Inclusions of impurities such as RE oxide particles, TaC and WC will not be discussed, 
since they do not strongly affect the crystal perfection and are only in a trace amount in high 
quality initial materials. 
 
4.2.1. Primary phase and Ni-rich phase precipitations from the melt 
 
Primary phase inclusions can be found in peritectic compounds, if the melt composition is 
between peritectic and primary crystallization composition range. Since RENi2B2C compounds are 
formed by a peritectic reaction [109], the first step of the crystallization process for stoichiometric 
melt composition is the precipitation of REB2C2 as a primary phase. The melt composition is self-
adjusted to approach the peritectic composition at the further steady state growth (so called TSFZ 
regime).  
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Fig. 2.8.   Metallographic images of longitudinal sections of TbNi2B2C and YNi2B2C crystals with inclusions 
of (a) the primary phase and (b, c) Ni-rich phases (basically RE2Ni6B or RENi4B)  precipitated from the melt. 
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In Fig. 2.8a the metallographic picture of the first part of a TbNi2B2C crystal with a 
polycrystalline seed of the stoichiometric composition is presented. Primary phase inclusions of 
TbB2C2 (red color) at the very beginning are observed. They precipitated also at the solidified 
interfaces during the initial steps of the growth process, if the zone volume was changed to control 
the crystal diameter (dashed lines in Fig. 2.8a suggest the melt-crystal interface shapes). These 
inclusions have a polygonal shape and are not crucial for new grain generation.  
To avoid the primary phase precipitation a piece of RENi4B or RENi4B2 compositions with 
an appropriate mass is placed between the seed and feed to establish the composition of the initial 
molten zone within the primary RENi2B2C solidification field. A single phase solidification of the 
peritectic compound proceeds from the very beginning (so called TSFZ technique [116, 117]). That 
is especially useful for seeding on a single crystalline rod to reduce a probability of the initial solid-
liquid interface instability, primary phase precipitation and the generation of new grains. 
If the molten zone has an appropriate composition in the range beyond the peritectical 
point, the precipitation of the Ni-rich phase from the melt has a different nature. In this case 
element segregation, resulting in a Ni-enriched melt composition at the moving interface, plays a 
decisive role. That may result in a cellular growth instability of the interface and precipitation of 
the corresponding Ni-rich phase. Therefore, for incongruent melting intermetallic compounds the 
growth process has to be controlled by small pulling rates < 2 mm/h and by asymmetric counter-
rotation of the feed and seed rods which serves for mixing of elements within the molten zone and 
ahead the crystal-melt interface.  
Thus, temperature and melt composition instabilities at solid-liquid interface lead to 
precipitation of Ni-rich phases from the melt (Fig. 2.8b, c). These inclusions are commonly aligned 
perpendicular to the growing interface and they themselves may have an inhomogeneous structure  
(see inset in Fig. 2.8b). Similar precipitations correspond to the interface instability and are 
accompanied by new grain generation and the origin of cracks. 
 
4.2.2. Precipitation of primary and Ni-rich phases owing to solid state transformations 
 
Parasitic phases can not only be precipitated from the melt, but also owing to solid state 
transformations during cooling process. The reason is so called retrograde solubility. The 
precipitates in this case, as a rule, are thin plates crystallographically oriented in the crystal matrix. 
Those can induce internal stresses, crystal cracking and unreliable physical measurements. The 
generation of the inclusions is defined by the melt composition and the specific shape of the 
homogeneity region. Prediction of these precipitations in complex systems, consisting of 4 and 
more elements, is complicated and requires accurate enduring studies. 
The ways to exclude these inclusions are a variation of the melt composition to prevent 
their formation or alternatively a high temperature heat treatment of the crystal for a long time to 
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dissolve the inclusions in crystal matrix and subsequent quenching. But, in the latter case single 
crystalline samples can break owing to thermal stresses. 
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Fig. 2.9.   Metallographic pictures of Ni-rich (a) and primary (b) phases precipitated via solid state 
transformations during cooling of the grown HoNi2B2C and DyNi2B2C crystals. Suggested homogeneous 
region shapes are shown on the right side. 
In the RENi2B2C systems the precipitates formed due to solid state transformations have 
been observed for the first time and was not reported previously. The 2nd phase was either a Ni-rich 
phase such as Ho2Ni6B in HoNi2B2C (see Fig. 2.9a) or the primary phase DyB2C2 in DyNi2B2C 
(Fig. 2.9b). The suggested shapes of the homogeneous regions are presented on the right side in 
Fig. 2.9. 
 
 
 
4.3.  Oxygen influence on FZ growth of intermetallic compounds 
 
One of the keys to growth of RENi2B2C single crystals with high structural perfection by 
FZ technique is the control of oxygen content in the feed rod and the molten zone. 
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4.3.1. Oxygen as an impurity in starting materials, feed rod, melt and grown crystal  
 
Rare earth elements and rare earth containing compounds have extremely high oxidation 
rates. Moreover, oxygen can easily dissolve in some rare earth containing melts. For example, the 
maximum oxygen solubility in Yttrium at the eutectic temperature 1180° in Y-O binary phase 
diagram is between 13.0-15.0 at% [118]. Purification of the materials is very complicated and 
requires special equipment. Therefore, to our knowledge, oxygen contamination seems to be the 
main impurity at the crystal growth of intermetallic compounds with rare earth elements. The 
purity of used materials and the corresponding oxygen content in intermetallic alloy compositions 
with melting temperatures between 1050°C and 1550°C are presented in Table 2.1. The oxygen 
content was measured by the by carrier gas hot extraction method [119].  
 
~ 0.08 mol%
TbNi2B2C
(single crystal) 
Tmelting∼1530°C
~ 0.005 at%C (powder, MaTeck)
~ 0.20 at%Er (Hunan, China)**
~ 1.65 at%Ho (Goodfellow)
~ 0.36 at%Ho (Hunan, China)**
~ 0.11 at%Ho (Ames Lab)*
~  4 mol%YNi1.8B1.8C
(feed rod) 
eutectic composition
~ 2.2 – 2.5 at%Y (Goodfellow)
~ 5.9 mol%YNi1.8B1.8C
(molten zone) 
eutectic composition~ 1.74 at%B
10 (amorphous 
powder, Alfa Aesar)
~ 0.004 at%B11 (crystalline 
powder, Eagle Picher)
~ 0.42 at%Ni (powder, MaTeck)
~ 2.4 mol%
YNi1.8B1.8C
(FZ refined sample) 
eutectic composition
~ 1.5 at%Ce (Goodfellow)
~ 1.3 at%Tb (Goodfellow)
Oxygen contentCompositionOxygen contentMetal
Oxygen content in alloys and 
compounds
Oxygen content in starting 
materials
 
Table 2.1.   Oxygen content in initial materials from different suppliers and corresponding oxygen 
concentration in the prepared intermetallics.  * - Ames Laboratory Preparation Center, Iowa, USA.  ** -  
Hunan Institute of Rare Earth Metals, China. 
One serious problem of work with rare earth elements is that the most commercially 
suppliers do not specify oxygen content (0.5 – 2.5 at% is not unusual) for the chemicals even with 
99.9% purity. Y or Ho metals from “Ames Laboratory, Iowa”, showing the best purity between all 
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the RE elements presented here, were used for the controlled growth of single crystals with the 
highest structural perfection But they are much more expensive than from other suppliers. 
 
 
4.3.2. Influence of the melt and feed rod surfaces oxidation on the molten zone stability 
 
One more problem of oxygen influence on crystal growth of RE-borocarbides is melt and 
feed rod surface oxidation during the feed rod preparation and the growth process, by absorbing the 
oxygen from the air and inert gas. The Ar gases used have oxygen contents of about 2 ppm for 
argon Ar5.0 and 10 – 15 ppm for Ar4.8 as was determinated with a ZIROX oxygen measuring 
system. After heating of the RENi2B2C rods in the growth chamber the oxygen content was reduced 
up to ~ 10-15 ppm. That implies the complete oxygen absorption by the hot material from the 
ambient atmosphere. In spite of the small values of impurity content in the gas, that can play a 
significant role. For example, for employed crystal growth parameters for RE-borocarbides (gas 
flow 10 l/h, gas pressure 2 bar and growth rate 1 mm/h) 3 ppm of oxygen will give about 
0.67 mol% of oxygen absorbed by the melt for every millimetre of the grown crystal. This 
absorption may result in the formation of solid oxide film over the feed rod surface, which is often 
visually observed. Convectional flows and chemical reactions (see Chapter 1) in the melt control 
the film sizes over the melt. But nevertheless, this film influences strongly the molten zone 
stability, the stability of convection patterns (especially Marangoni convection) and causes 
temperature fluctuations at the growing interface. Moreover, particles from this solid film falling 
into the melt can nucleate new grains and induce the loss of single crystallinity in the growing 
specimen.  
Purification of the gas streaming into the crystal growth chamber by a Ti-getter and 
preventing all leakage problems in the gas system can remove oxygen traces up to 10-2 ppm. That is 
necessary and sufficient for growth of single crystals with high purity and structural perfection. 
 
4.3.3. Borothermic and carbothermic reactions in RENi2B2C melts 
 
In spite of the problems with oxidation of RE-borocarbides the grown single crystals 
exhibit only traces of oxygen contamination, less then 0.1 mol% (see Table 2.1). This means that 
during growth process oxygen concentration is reduced by more than 1–2 orders with respect to the 
feed rod. We connect this behaviour with the borothermic and carbothermic reactions proceeding in 
the melt: 
REOy+y⋅B ↔ RE+y⋅BO↑ (gas) 
REOx+x⋅C ↔ RE+x⋅CO↑ (gas).     
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The reactions are described in details elsewhere [120, 121]. Similar behaviour has often 
been observed in crystal growth of RE-silicides oxygen content reduction in the melt by a 
silicothermic reaction with formation of volatile SiO [122, 123]. 
Formation of volatile boron and carbon oxides owing to the chemical reactions, a low 
growth rate (about 1mm/h) and continuous gas flow in the crystal growth chamber to extract BO 
and CO gases result in the shift of the equilibrium to the right side of the reaction. That gives rise to 
a reduced oxygen content in the melt and growing crystal. But, on the other side the reactions can 
change the molten zone composition and lead to B or C deficiency in the melt, changes in the 
crystal stoichiometry and segregation effects along the growing crystal. 
 
 
5. Variations of physical properties in HoNi2B2C crystals 
 
5.1. Segregation effects in HoNi2B2C single crystals 
 
In contrast to flux grown crystals the composition of FZ crystals provides one additional 
degree of freedom for tuning of the principal properties. The exact composition of the grown 
crystal can be varied by small changes of the feed rod composition in the range of the 
homogeneous region. That, of course, affects crystal properties and crystal perfection. 
Slight change of the melt composition due to borothermic and carbothermic reactions, 
evaporation from the melt, mass losses during feed rod preparation and the real shape of the 
homogeneous region can result in gradual accumulation or depletion of the composing elements in 
the molten zone. Since RE-borocarbides have a homogeneous range of about 1 – 4 mol% [102], 
depending on the pseudobinary sections of the appropriate phase diagram, the changes of the melt 
composition during the growth process can result in segregation effects and inhomogeneous 
distribution of the composing elements in the growing crystal.  
The physical properties, especially superconductivity of RE-borocarbides, have a strong 
dependence on small variations in the crystal stoichiometry [102, 124]. Therefore, segregation 
effects can easily be observed by changes of the physical properties in the single crystal. AC 
susceptibility measurements are more sensitive to the re-entrant behaviour, the most interesting 
feature in HoNi2B2C, than electrical resistance measurements at low temperatures as shown in Ref. 
[102, 125]. Therefore, almost all the superconducting properties of RENi2B2C will be checked by 
conventional susceptibility measurements. 
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5.1.1. Longitudinal segregation in HoNi2B2C 
 
An example of the longitudinal segregation effect of the composing elements in HoNi2B2C 
crystal is presented in Fig. 2.10. The distribution of the crystal composition was measured by the 
EPMA method in the WDX regime. Boron and carbon (so called light elements) have a more 
pronounced longitudinal distribution than the larger and heavier atoms of holmium and nickel.  
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Fig. 2.10.   EPMA results of Ho, Ni, B and C segregation vs. axial co-ordinate z in a HoNi2B2C crystal. The 
lines are only as guidelines for eyes.  
The corresponding change of superconducting properties along crystal is shown in 
Fig. 2.11, where the AC susceptibility was measured for the samples of HoNi2B2C, which were cut 
from the crystal at different distances from the seed: 0 mm, 10, 27 and 40 mm. Plain 
superconductivity near the seed transforms into the re-entrant behaviour in the bulk crystal and the 
loss of superconducting properties at the crystal end. 
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Fig. 2.11.   AC susceptibility vs. 
temperature showing different 
superconducting properties of the as-
grown crystal as function of the axial 
co-ordinate (z = 0 mm, 10 mm, 27 
mm, 40 mm). Inset: Image of the 
crystal with sample positions 
indicated.  
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Elements segregation and corresponding change of the melt composition during the steady 
growth process can also lead to morphological instability of the solidification process for the state 
growth parameters. Therefore, in long crystals or for high oxygen concentration (about 1 at%) of 
initial materials Ni-rich phase inclusions resulting from constitutional supercooling are often 
observed in the last part of grown crystals. 
 
 
5.1.2. Radial segregation in HoNi2B2C 
 
Due to the peritectic growth and the inherent composition difference at the growing 
interface the effect of melt flow becomes very pronounced. Different widths of the diffusive layer 
is influenced by convection patterns in the melt and can lead to radial distribution of the composing 
elements. Moreover, a convex shape of the solid-liquid interface and longitudinal segregation of 
the composing elements also contribute to the radial variation of crystal properties.  
In Fig. 2.12 the radial change of the temperature of the superconducting transition TC (red 
colour) and the peak of magnetic ordering TN (blue colour) are shown for two cross sections from 
the initial and the end parts of a HoNi2B2C crystal of 6 mm in diameter. The symmetrical shape of 
the curves corresponds to the predicted convection patterns presented in the molten zone (see 
Chapter 1 §4.3). For the initial part of the crystal (see Fig. 2.12a) the zone length had a smaller 
height (about 5 mm) and corresponding weaker Marangoni and natural convection flows. For the 
end part (see Fig. 2.12b) the molten zone height (about 7 mm) as well as convection patterns were 
larger, which may result in stronger radial element distribution and changes of the physical 
properties. 
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Fig. 2.12.   Change of the superconducting temperature TC and the peak of re-entrant behaviour TN in the 
HoNi2B2C crystal in radial direction for the initial (a) and the end (b) parts of the crystal. 
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The solid-liquid interface and suggested convection patterns in the molten zone are 
presented in Fig. 2.13. 
1 mm Crystal HoNi2B2C
Feed rod
 
 
 
 
Fig. 2.13.   Metallographic picture of the 
longitudinal section of final part of HoNi2B2C 
crystal with as-quenched ultimate zone. Dashed 
line: suggested solid-liquid interface shapes. The 
possible convection pattern is also shown (red 
colour)  
 
 
5.2.    Dependence of the HoNi2B2C physical properties on the stoichiometry 
 
The largest extent of the homogeneous range for the HoNi2B2C compound of about 4 at% 
is in B/C direction. Single phase polycrystalline samples were found only in the range up to 1 at% 
around the stoichiometric composition for all other element variations [102].  The same tendencies 
were confirmed by our studies of the longitudinal element distribution (see Fig. 2.10). But any 
determination of the light element content, such as boron and carbon, shows no sufficient accuracy. 
However, they play a significant role in the crystal properties. More accurate analytic methods are 
highly desirable for establishing a direct correlation between the local element concentration, 
intrinsic properties and electronic structure of this class of intermetallic compounds and for better 
understanding of crystal growth phenomena. 
To reveal the correlations between B and C content and corresponding superconducting 
properties two series of polycrystalline samples were prepared with different concentrations of 
these elements. Exact concentration determination of these elements is not possible but the 
assumption that the concentration of B or C in the starting materials leads to an appropriate 
incorporation in the HoNi2B2C phase seems to be reasonable.  
 
5.2.1. Variation of the light elements (boron and carbon) 
 
The polycrystalline samples have been prepared in the same way as feed rods used in FZ 
crystal growth. The obtained samples were sealed in quartz ampoules under vacuum, heated at 
1050° for 14 days for homogenization and quenched in water.  
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Two series of samples were prepared. They can be denoted as HoNi2B2CY, where carbon 
concentration was varied in the range 0.9 ≤ y ≤ 1.1 and the ratio of all the other elements was fixed, 
and HoNi2BXC, where boron concentration was variable in the range 1.9 ≤ x ≤ 2.1. The variation of 
B and C in polycrystalline samples was selected in a relative narrow composition range less then 
10 at% to reflect the conditions of single crystal growth of the compounds. The basic results of the 
studies are shown in Fig. 2.14.  
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Fig. 2.14.   Superconducting properties (a, b) and corresponding change of the lattice parameters (b, e) and 
unit cell volume (c, f) for polycrystalline samples with nominal compositions HoNi2B2CY and HoNi2BXC, 
respectively. Symbols N and R denote non-superconducting and re-entrant sample properties, respectively. 
AC susceptibility measurements for the case of C variation Fig. 2.14a show that 
superconducting properties arise only in samples in the narrow region (about 3 - 4 at%) near the 
stoichiometric composition. All the other samples display only a weak paramagnetic signal with a 
broad maximum near 5 K and no superconductivity. The corresponding change of the lattice 
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parameters (see Fig. 2.14b) and unit cell volume (see Fig. 2.14c) confirm the supposition, that the 
interplay between superconductivity and magnetism is strongly dependent on the unit cell volume 
as shown in hydrostatic-pressure experiments performed on re-entrant superconducting samples 
[92, 126].  
AC susceptibility measurements for the case of B variation Fig. 2.14d show re-entrant 
behaviour in the larger range of the sample compositions. Only samples with a boron content of 1.9 
reveal no superconductivity. But in this case lattice parameters Fig. 2.14e and unit cell volume 
Fig. 2.14f have smaller changes than for the case of carbon variation. The discrepancy in the lattice 
parameters for the stoichiometric composition in these two series seems to be a result of a small 
off-stoichiometry, easily caused by melting losses, as reported in Ref. [102, 112]. 
These results have some differences from those obtained by other groups [102], especially 
for the case of C variation. We connect this with a difference in starting elements purity and 
possible losses during preparation of the samples. A small off-stoichiometry can shift the whole 
series out of the superconducting range. But the main conclusion that the unit cell volume 
influences the superconducting properties, was confirmed. Accordingly to Schmidt et.al. [102, 114] 
superconductivity is observed for unit cell volumes V > 130.3 Å3, no superconducting properties 
for V < 130.15- 130.20 Å 3 and re-entrant behaviour in the range: 130.3 Å3 > V > 130.2 Å3. 
Metallographic and EPMA studies of the phase relations in the present polycrystalline 
samples have shown that increase of B or C concentration leads to decreasing of amount of the Ni-
rich phases Ho2Ni3B6, HoNi4B and Ni2B and to an increasing content of the primary phase HoB2C2. 
The crude border line for the transition from the Ni-rich phase to primary phase containing 
microstructure in these HoNi2B2C samples is the stoichiometric composition. This conclusion is 
very important for controlled growth of HoNi2B2C crystals with predefined physical properties and 
perfection. Variations of the molten zone and the crystal composition are possible by selection of 
appropriate feed rod and the initial molten zone compositions, respectively. Constitutional 
supercooling and Ni-rich phase precipitation, new grain generation and not single crystalline 
growth of non-superconducting material are most probable for the case of B or C deficient melt 
compositions. That can result from losses during feed rod preparation or oxygen contamination and 
corresponding melt reduction by borothermic or carbothermic reactions. On the other hand, B or C 
enrichment of the molten zone can result in primary phase REB2C2 precipitation, but preferable to 
the crystallization of single crystalline material with re-entrant or plain superconducting properties.  
 
5.2.2. Variation of the heavier elements (Ni and Ho)  
 
Variation of Ni and Ho content in polycrystalline samples were not studied in the present 
work, but they play a role in the superconducting properties of HoNi2B2C phase. Therefore for the 
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complete characterization, the influence of these elements on HoNi2B2C physical properties is 
presented here from the published data [102]. 
Ho and Ni have a much smaller solubility range in the HoNi2B2C phase of around 1 at%. 
For low Ho concentration in polycrystalline samples only plain superconductivity is observed. For 
increasing Ho content there is an arising and an amplification of the anomaly around 6 K. But Ho 
variation does not disturb the lattice to destroy the superconductivity completely. 
Variation of Ni content results in a stronger change of the physical properties. By varying 
only 0.4 at% of the phase composition, the well-pronounced re-entrant behaviour completely 
disappears with growing Ni content [102]. But, in practice, a change of the Ni content in the 
growing crystals is difficult to achieve. The peritectic composition of the floating zone is strongly 
shifted to the Ni-rich range. A larger difference between melt and crystal composition, which is 
necessary for an appropriate crystal enrichment by Ni, is in favour to supercooling and 
precipitation of Ni-rich phases. That was often observed during crystal growth from Ni-rich feed 
rod compositions.  
Thus, by studying microstructure and superconducting properties of a grown crystal it is 
possible to conclude about element concentrations in the matrix phase and to correlate this with 
appropriate changes of the feed rod compositions for the further growth processes of single crystals 
with predefined perfection and physical properties.  
Up to now there is no general theory about mutual chemical substitution on lattice sites, 
which can explain the variation in RENi2B2C phase composition. Substituted atoms or vacancies on 
certain lattice sites can change the type of bonding or simply act as impurities, affecting the 
scattering of conducting electrons. All these modifications may affect the electronic or spin 
structure of the compound and, as a result, on the superconducting properties [102]. The chemical 
defects introduced during the sample preparation and deviations from the stoichiometry depress the 
superconductivity in HoNi2B2C and consequently reinforce the apparent strength of the re-entrant 
or non-superconducting behaviour.  
 
 
5.3.   Influence of the aftergrowth heat treatment 
 
Not only the chemical composition affects the physical properties of HoNi2B2C, also 
thermally activated processes have an important influence on the superconducting behaviour [112,  
114, 127]. The degree of ordering introduced by thermal treatment at different temperatures in 
combination with subsequent quenching significantly changes the electronic properties of 
HoNi2B2C. The same phenomenon was observed for borocarbide compounds with nonmagnetic 
RE-ions [112]. 
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But, up to now, all experiments on the heat treatment of borocarbides were performed on 
polycrystalline samples, which often showed presence of 2nd phase inclusions and inhomogeneous 
spatial change of the chemical composition. Here we present our results of heat treatment of 
HoNi2B2C single phase and single crystalline samples grown by FZ technique. The samples were 
cut from single crystals showing different physical properties and accordingly different 
stoichiometry. 
Three as-grown crystals showing re-entrant or non-superconducting behaviour were 
wrapped in Ta-foil, sealed in a quartz ampoule in vacuum and heated at the following temperatures 
500°C, 750°C and 1000°C for 72 hours. After the heat treatment the ampoules were either 
quenched in water or cooled in the switched-off furnace for about 1 hour. No essential difference in 
physical properties for different types of cooling was observed. The selected crystals were denoted 
as N1 showing no superconducting properties in the as-grown state, N2 with Tc=7.4 K and strong 
re-entrant behaviour and N3 with Tc=7.1 K and with re-entrant superconductivity too. From these 
crystals several samples with dimensions of about 1 mm3 have been cut from the same place of the 
grown crystals to guarantee the identical chemical composition of the samples and to exclude a 
possible shift due to the element distribution (see above). AC susceptibility was measured up to 4.2 
K for all the samples before and after the heat treatment procedures. Several samples have been 
repeatedly heated at 500°C to study reversibility of the thermally induced changes in the crystals. 
The results of the measurements are presented in Fig. 2.15b, d, e. 
The non-superconducting crystal N1 shows a superconducting transition of TC=7.9 K and a 
re-entrant peak at 5 K about a half of the normal state only for annealing temperature of 1000°C 
(see Fig. 2.15a). No effect on crystal properties was observed at 500° and 750°C annealing. The 
repeated annealing of the obtained superconducting sample at 500°C has not drived the system to 
the initial non-superconducting state. Moreover, Tc has increased up to 8.1 K and the re-entrant 
peak decreased strongly as shown in Fig. 2.15b. 
Weakening of the re-entrance behaviour and increasing of Tc was also observed for the 
crystals N2 and N3 showing pronounced re-entrant properties (Fig. 2.15c, e). TC progressively rises 
from 7.4 K to 8.1 K and from 7.1 K to 8.6 K for N2 and N3 HoNi2B2C crystals, respectively. For 
N3 crystals the re-entrant maximum almost disappears already at 500° and the crystal exhibits plain 
superconductivity at high temperatures of the heat treatment (Fig. 2.15e). Repeated annealing of 
these crystals at lower temperature (500°C) results only in continuous improvement of the 
superconducting behaviour and does not show any temperature dependent equilibrium state (see 
Fig. 15d, f).  
The studies suggest that the as-grown crystals have a large extent of thermally activated 
disorder. The high temperatures of the growth and strong temperature gradients in the grown 
crystal do not enable thermodynamic equilibrium of the as-grown RE-borocarbides. With 
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temperature and time increase of the heat treatment the system aspires to the pure superconducting 
state. Re-entrant behaviour is possibly one of the non-equilibrium states of the HoNi2B2C crystals. 
One of the not fully solved questions in crystal growth of RE-borocarbides is about 
changes of physical properties along the crystal. Either thermal history during the growth process 
or the composition variations, which have a different nature, are responsible for these effects. 
Effect of annealing suggests a lattice defect mechanism rather than a change in composition for 
change of superconducting properties. Because the first part of the grown crystal is exposed to a 
temperature gradient for a longer time than the last one. 
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Fig. 2.15 .   Change of superconducting properties of three different HoNi2B2C single crystals, named N1, N2 
and N3, by the single-stage (a, c, e) and two-stage (b, d, f) heat treatment with different temperatures: 500° 
(black squares), 750° (blue triangles) and 1000°C (red circles). 
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The visually observed and measured [25] temperature gradient in the growing crystal is 
about 1000°C/cm near the molten zone. That means that the crystal parts more than 10 mm distant 
from the molten zone are in more or less identical thermal conditions and the change of the 
physical properties should be mainly due to a segregation effects rather then the thermal history. 
Therefore, the crystal can be considered as a homogeneous one with respect to the thermal 
treatment, except of the last part of about 10 mm length. 
Aftergrowth thermal treatment changes the equilibrium physical properties of a sample 
depending on the thermodynamic state at the given temperature. Processes like site exchange of 
individual atoms, formation of vacancies, occupation of interstitial sites may take place on a rather 
short time scale. Moreover, there is an additional new site, which is partially occupied probably 
with boron and/or carbon [127]. Since the boron seems to be crucially element involved in the 
mechanism enabling or destroying superconductivity in the borocarbides [101, 128], the question 
of the site occupancies and whether the occupation of this new site favour superconductivity is not 
clear up to now. 
 
6. Neutron diffraction studies of RENi2B2C single crystals 
 
Large sized single crystals of HoNi2B2C, TbNi2B2C and YNi2B2C with high structural 
perfection have been specially grown for neutron diffraction experiments to shed light on the 
features of the magnetic and nuclear structures in these materials. The crystals were grown with 11B 
isotope as the boron source instead of a natural boron with high amount of 10B to prevent the 
pronounced neutron absorption by the isotope 10B. Single crystalline samples of HoNi2B2C, used in 
the diffraction experiments, were 6 mm in diameter, 12 mm in length and oriented in the a-c plane. 
Since neutrons carry magnetic moments, they are the most powerful instrument for 
studying of magnetic structures. Scattering on atomic lattices, magnetic lattices and sublattices 
results in a good observation of atomic as well as magnetic structures and substructures in 
materials. Crystal nuclear and magnetic structures in HoNi2B2C have been measured by elastic 
neutron scattering on single crystals. One neutron diffraction pattern was obtained for every from 
900 crystal positions. The obtained spectra were recalculated from 2θ–Ω coordinates into the 
reciprocal space. The patterns obtained for (HOL) plane are presented in (Fig. 2.16, 2.17). 
 
6.1. Neutron diffraction of HoNi2B2C single crystals in the magnetic regime 
(around 5.3 K) 
 
At low temperatures the Ho3+ moments in HoNi2B2C are aligned along the [110] direction 
with a simple antiferromagnetic stacking sequence in c-direction with the propagation vector 
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τ1 = (001). That is the only magnetic structure at temperatures < 5 K and coexists with the 
superconductivity [93]. But in the temperature range between 5.2 K and 6.8 K, where the re-entrant 
behaviour of the compound arises, this antiferromagnetic ground state coexists with two additional 
antiferromagnetic modulations with the propagation vectors τ2 = (0 0 0. 915) and τ3 = (0.585 0 0), 
which are c-axis and a-axis modulated, respectively [94].  
Up to now there is no report about the simultaneous existence or space division of these 
magnetic structures in HoNi2B2C. Flux grown crystals are too small (less 1-3 mm3) and do not 
show re-entrance superconductivity [132]. Therefore, the studies of FZ grown single crystals with 
large volume, high structural perfection and a composition, corresponding to the presence of τ1 , τ2 
and τ3 antiferromagnetic modulations are of the great interest.  
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Fig. 2.16.   Neutron diffraction intensities in reciprocal space for a HoNi2B2C single crystal in the (H0L) 
scattering plane in the magnetic state at 5.3 K. Some nuclear and magnetic reflections are noted. 
In Fig. 2.16 the results of neutron diffraction of the FZ grown crystal oriented for (H0L) 
scattering plane at the temperature 5.3 K are shown. A simultaneous measurement of the magnetic 
susceptibility confirms the presence of the re-entrant superconductivity in the crystals at this 
temperature. The nuclear reflections corresponding to (002), (101) and (10-1) are identified (see 
Fig. 2.16). The nuclear structure have lattice symmetry I4/mmm with lattice parameters a = 0.352 
nm and c = 1.055 nm. The magnetic reflections, corresponding to the three different magnetic 
structures with propagation vectors τ1 , τ2 and τ3 are also identified and marked respectively. High 
structural crystal perfection and the size of the crystals provide a high signal-to-noise ratio and 
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sharp resolution of the nuclear and magnetic reflections. The simultaneous presence of all the three 
magnetic structures (three antiferromagnetic modulations) in the crystal at 5.3 K is obvious.  
One of the unsolved questions in the physics of   HoNi2B2C is a possibility of a spatial 
separation of the three magnetic structures in the crystal volume or their coexistence. In Fig. 2.16 
the three contrast magnetic reflections corresponding to the entangled propagation vectors τ1 + τ3 
and τ2 + τ3 (see enlarged part in the right upper corner of Fig. 2.16) are identified. But no 
reflections corresponding to the magnetic structure with propagation vector τ1 + τ2 was detected. 
These results lead to an important conclusion. There is no spatial separation for structures with 
wave vectors τ1 and τ3 , as well as for τ2 and τ3 and these phases coexist. But the regions with τ1 
and τ2 structures are spatially separated in the crystal volume. So the crystal volume is separated 
only into 2 regions with magnetic structures corresponding to τ1 + τ3 and τ2 + τ3 propagation 
vectors, respectively. 
 
6.2. Neutron diffraction of HoNi2B2C and TbNi2B2C single crystals in the 
paramagnetic state 
 
A B
 
Fig. 2.17.   Comparison of neutron diffraction intensities in reciprocal space for TbNi2B2C and HoNi2B2C 
single crystals in (H0L) scattering plane at temperatures corresponding to paramagnetic state of the materials. 
The comparative neutron diffraction studies of the short-range magnetic interaction in the 
paramagnetic temperature region were performed on single crystals of TbNi2B2C and HoNi2B2C 
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(see Fig. 2.17). TbNi2B2C is a non-superconducting material with temperature of antiferromagnetic 
ordering TN = 15 K. HoNi2B2C shows magnetic ordering at 5.5 K and a superconducting transition 
around 8 K.  
The nuclear reflections are very sharp and have red-yellow colour (see Fig. 2.17). The 
circular continuous lines are from the metallic part of the equipment for keeping the single crystal. 
The dark-blue signals (so called diffuse neutron scattering) are the result of the short-range 
correlation of the magnetic moments of Tb3+ and Ho3+ across 2 – 10 unit cells. The short 
correlation length determines the large width and low intensity of the scattered signals. In spite of 
the difference in the magnetic anisotropy (the magnetic moments in TbNi2B2C and HoNi2B2C are 
parallel to [100] and [110] directions, respectively) the patterns of diffuse scattering are 
qualitatively similar for both materials. The difference is essentially in signal intensities. 
Since the magnetic moments interact via conduction electrons in both crystal matrices, 
RKKY interaction must be responsible for the short-range magnetic correlation. The RKKY 
interaction is strong for such wave vectors, for which the conduction electrons show strong extrema 
in their wave functions. Therefore, the strength of the RKKY interaction depends on the 
susceptibility of conduction electrons. The strong signals in the diffuse scattering correspond to 
special features of the structure of conduction electrons. For instance the wave vector (0.585 0 0) 
results from the known strong Fermi surface nesting of that wave vector [91]. 
T = 8 K
HoNi2B2C
 
 
 
T = 16.5 K
TbNi2B2C
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Fig. 2.18.   Comparison of the 
sections (red lines in Fig. 2.17) of 
the diffuse scattering signals for 
TbNi2B2C and HoNi2B2C single 
crystals. 
So, from the measured diffuse neutron magnetic scattering we can conclude that the 
susceptibility of conduction electrons, which is visible through the short-range correlations of Tb3+ 
and Ho3+ moments due to RKKY interaction, is similar for both compounds. The differences are in 
details of the electronic structure: There are differences in the shape of the diffuse magnetic 
scattering of TbNi2B2C and HoNi2B2C. For selected cross sections (red lines in Fig. 2.17 named as 
A and B) there is only one peak for the case of TbNi2B2C but two peaks for HoNi2B2C as shown in 
Fig. 2.18. That confirms differences in electronic structures of these materials in spite of their 
atomic similarity. Those results could be very important for a recalculation of the band structures of 
the materials to improve the existent theoretical models of the band structure for RE-borocarbides. 
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Chapter 3 
 
Crystal growth of superconducting compounds  by flux 
technique 
 
 
Crystal growth of MgB2 from Mg-Cu-B melt flux and 
superconducting properties 
 
1.   Motivation 
 
The recent discovery of superconductivity of the intermetallic compound MgB2  [134] has 
aroused a flurry of theoretical and experimental work [135–139]. With Tc = 39 K, MgB2 exhibits 
the highest superconducting transition temperature of intermetallic compounds, which is nearly 
twice as high as the top Tc values of A15 compounds (Nb3Ge: Tc = 23.2 K) and Rare Earth-
Transition Metal-Borocarbides (YPd2B2C:  Tc = 23 K). Only the ceramic oxide superconductors 
and compounds based on C60 exceed these Tc value [140].  
Many important parameters of MgB2 have already been derived, such as the upper critical 
field (Hc2 =13 – 20.4 T) [135, 136], the Ginzburg-Landau parameter (k ≈ 26) [136] and the bulk 
critical superconducting current density (jc = 8 ⋅ 104 Acm-2 at 4.2 K and 12 T) [137, 138] in thin 
films.  The mechanism of superconductivity in MgB2 is still an open question. Many experiments 
support the view that MgB2 is a phonon-mediated superconductor in the weak- to moderate-
coupling regime. On the other hand it is proposed that the theory of hole superconductivity may 
also account for MgB2 [139]. Experimental data that can shed light on its synthesis, doping, phase 
formation and the phase equilibria in this system are of great interest. One of the surprising features 
of superconducting MgB2 is the simplicity of both its chemistry and structure. MgB2 crystallizes in 
the AlB2 crystal structure where honeycomb layers of boron atoms alternate with hexagonal layers 
of Mg atoms. The lattice parameters are a = 0.30834 nm and c = 0.35213 nm [141]. But the very 
limited substitutional chemistry [142–144] possibly suggests that the structure may be more 
complex than on a first glance.   
Although this material is available from common chemical suppliers and has been 
characterized since the mid 1950s, up to now the investigations are basically limited to 
polycrystalline samples and thin films [137, 138]. Ceramic samples were successfully prepared by 
ambient pressure synthesis in sealed Ta or Mo crucibles [136, 145], but more dense ceramic was 
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obtained by hot isostatic pressing at 950°C under pressure of several GPa of boron and magnesium 
powders as starting materials [134, 146]. There were great efforts in doping of MgB2 [147, 148]. 
There is also an idea of a finite homogeneity range of MgB2 compound. A higher Tc is expected if 
the composition is on the B-rich side [149], which is in accord with the very low Tc = 12 K of Mg-
rich films [150]. Only recently growth of MgB2 single crystals with maximum size 0.5 × 0.5 × 0.02 
mm3 has been achieved using a vapour transport method [151]. The crystals show a relatively 
gradual superconducting transition with an onset temperature of 38.6 K. Growth from the melt, 
which can in principle lead to larger sized crystals, is aggravated by the high vapour pressure of 
Mg. To our knowledge, there was no successful attempt of MgB2 crystal growth from Mg-B melts 
so far. 
 In this work, a new method of MgB2 crystal growth from the Mg-Cu-B flux is presented. 
The reasons for the choice of Cu as a solvent for B and Mg are: (i) large solubility of boron in the 
Cu-B melt of at least 13.3 at.% at the eutectic temperature 1013°C, (ii) absence of binary Cu-B 
[152] or ternary Mg-Cu-B intermetallic compounds and improbable doping of MgB2 with Cu 
because of the high affinity of Cu and Mg to form intermetallic compounds [147] (iii) facilitated 
crystallization of desired refractory magnesium borides in Mg-Cu-B  because of low melting 
temperatures (< 800°C) of remaining binary compounds. Our experimental trials are supported by 
approximate thermodynamic calculations of the ternary Mg-Cu-B phase diagram, which are based 
on existing thermodynamic data of binary systems. The phase diagram data served as a guideline 
for optimizing process parameters of crystallization and interpretation of various microstructures 
observed in Mg-Cu-B fluxes in a wide composition range. The results of measurements of 
superconducting properties of Mg-Cu-B samples containing MgB2 crystals with different 
morphologies are presented.   
 
2.   Experimental methods 
 
The Mg-Cu-B flux was prepared from Cu (99.99%), Mg (99.9%) powders (or cheeps) and 
commercial MgB2 powder (Alfa Aesar) as a source of boron. Using MgB2 powder is superior with 
respect to amorphous boron due to its higher reactivity with the melt, smaller grain size and higher 
purity (especially: the low oxygen content). This finally resulted in a much higher rate of the 
dissolution in the melt. The starting materials were weighted in a desired ratio, mixed and pressed 
into pellets of 20 mm in length and 8 mm in diameter under a protective Ar atmosphere to prevent 
oxidation and contamination. Melting and crystallization experiments were conducted with an 
experimental setup, which enables simultaneous processing of Mg-Cu-B fluxes with different 
composition. Bars of various compositions were inserted into a graphite crucible and separated by 
graphite disks from each other (see Fig. 3.1).  
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Before melting, the graphite crucible was inserted into a stainless steel containment with 
1 mm wall thickness, which was evacuated, backfilled with He and sealed to prevent Mg 
evaporation and maintain Mg vapour pressure at equilibrium conditions. The experimental 
arrangement was close to that used for Mg2Si single crystal growth reported by LaBotz and Mason 
[153] (see also [123]). The closed containment was installed into a tube furnace heated with 
250 K/h and homogenized at a constant temperature for 20 to 50 hours. Annealing temperatures 
from T0 = 900°C to 1350°C were selected for various runs. For crystallization the samples were 
slowly cooled down to room temperature with 5 K/h to 200 K/h. In order to avoid reactions 
between graphite and stainless steel at temperatures higher than 1100°C a Ta-foil was placed 
between the two crucible materials. The absence of any chemical reaction between the melted Mg-
Cu-B flux and the graphite crucible was confirmed afterwards. 
 
21 1 12
 
Fig. 3.1.   Longitudinal section of a graphite crucible of 8.5 mm inner diameter with 3 bars of solidified Mg-
Cu-B flux (1) containing MgB2 crystals. The Mg-Cu-B bars are separated by graphite disks (2). 
The frozen samples were cut along the cylinder axis. The longitudinal sections were 
grinded and polished. A longitudinal section of the graphite crucible containing crystallized Mg-
Cu-B samples of various compositions is shown in Fig. 3.1. Specimens of 1 × 1 × 1 mm3 size 
containing magnesium boride crystals of different composition and morphology were cut from the 
frozen flux.  
 
3.   Results and discussions 
 
3.1. Mg-Cu-B phase diagram 
 
The equilibrium phase diagram of the Mg-B binary system has not been reliably 
determined. The phase relations strongly depend on the Mg vapour pressure [2, 154, 155]. In 
particular, the MgB2 phase decomposes at about 1090°C under 0.1 MPa of Mg vapour pressure. 
Only in the low temperature range from 650°C to 1090°C the MgB2 phase may coexist with a Mg-
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rich melt. The Cu-B phase diagram is of simple eutectic type with no intermediate phases [2]. The 
maximum solubility of B in the solid Cu is about 0.3 at.%. The phase diagram of the Cu-Mg 
system is well established [2]. There are three eutectics and two congruently melting compounds 
Mg2Cu and MgCu2. The solubility of Cu in Mg is restricted to 0.013 at.% Cu. The stoichiometric 
compound Mg2Cu melts at 568 °C. The nonstoichiometric compound MgCu2 melts congruently at 
797 °C and has a maximum homogeneity range of about 64.7 to 69 at.% Cu. The maximum solid 
solubility of Mg in Cu is 6.93 at.% Mg. No ternary Mg-Cu-B phase diagram is available so far. 
 
3.2.  Thermodynamic calculations 
 
In order to get a first idea of the possible phase equilibria, thermodynamic calculations 
based on the binary subsystems and on the assumption that no ternary compounds exist were 
carried out using the multicomponent phase diagram calculation software PANDAT [156]. The 
thermodynamic descriptions of the binary systems Mg-B and Cu-Mg were taken from the literature 
[155, 157]. The parameters for the B-Cu system were obtained empirically in order to reproduce 
the literature data on invariant equilibria and terminal solubilities by calculations in this work. 
In the binary Mg-B system the calculations showed that the coexistence range of liquid and 
MgB2 is extended towards higher temperature with rising pressure and at pressures exceeding 
8 MPa the MgB2 phase may even form directly from a Mg-rich melt via a peritectic reaction (see 
Fig. 1.1. in Chapter 1)  
The first comparison of the calculated ternary phase diagram with the experimental results 
showed, that it is necessary to adjust the Gibbs energy description of MgB2 phase as well as to take 
ternary interactions in the liquid phase into account. Owing to insufficient and sometimes 
contradictory thermodynamic data for binary Mg-B compounds [155], a more positive value (-60 
kJ/mol) was proposed for the enthalpy of formation of MgB2. This only results in a depression of 
the decomposition temperature of this compound, which has never been determined 
experimentally, by about 200 K. At the same time, it is in agreement with the location of fields of 
primary crystallization determined in the present work (see below). To estimate the behaviour of 
the ternary Mg-Cu-B melt calculations were performed for two limiting cases: weak interaction 
(Fig. 3.2a) and very strong interaction (Fig. 3.2b). Due to the limited amount of experimental data 
obtained in this work, the optimization of the corresponding ternary interaction parameter was not 
possible. Under the experimental conditions applied the solidification of the flux proceeds at 
elevated pressure within the sealed container. However, the Mg vapour pressure within the 
container is not a fixed quantity, which can be controlled properly, but it depends on the operating 
temperature (P ~ 0.2 MPa for 1000°C). Therefore, the projections of liquidus surface were 
calculated at infinitely high pressure, i.e., by excluding the gas phase from consideration. However, 
some general tendencies, which can be helpful for the crystal growth experiments, may be inferred. 
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The calculations show that the crystallization range of MgB2 (and of the other binary phases MgB4 
and MgB7) has a great extent into the ternary Mg-Cu-B system. The temperatures of MgB2 
formation are gradually reduced with increasing Cu-fraction (cf. Fig. 3.2a). In the case of very 
strong interaction the ternary system exhibits miscibility gaps near the Mg-, Cu- and B-corners, 
respectively. In Fig. 3.2b a projection of a liquidus surface is shown, which displays both the extent 
of the crystallization range of MgB2 and the miscibility gaps of the melt. The various Mg-Cu-B flux 
compositions treated in our experiments are indicated by various dots in Fig. 3.2. 
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Fig.3.2a, b.   Calculated projections of liquidus surface of the ternary Mg-Cu-B phase diagram at infinitely 
high pressure based on the thermodynamics of binary subsystems and two different assumptions: (a) phase 
diagram showing the primary solidification ranges of the respective phases and the liquidus isotherms (in °C) 
for weak ternary interaction in the liquid; (b) phase diagram showing the primary solidification ranges of the 
respective phases and the existence of liquid miscibility gaps in the Mg-, Cu- and B-rich corner for very 
strong ternary interaction in the liquid. The dots mark the Mg-Cu-B flux compositions studied 
experimentally. Full dots: fluxes containing MgB2 crystals; half-filled dots: samples with liquid phase 
separation and MgB2 crystals; open dots: no superconducting MgB2 crystals.  
 
3.3. Microstructure of as-solidified samples 
 
Depending on melt composition and initial temperature of the melt T0, as-solidified 
samples contain the following phases: Mg and Cu metals, the intermetallic compounds MgCu2 and 
Mg2Cu as well as small crystallites of Mg-borides - MgB2, MgB4 and MgB7. Flux compositions (up 
to 50 at.% Cu) containing the superconducting MgB2 phase in the as-solidified state are displayed 
in Fig. 3.2. No ternary Mg-Cu-B compounds were detected. The Mg-boride crystals exhibit 
sharply-edged geometric shapes and a dark colour and can easily be identified on the golden or 
silver background of the Mg-Cu flux. However, because B and Mg are light elements it is very 
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difficult to distinguish the various Mg-borides - MgB2, MgB4 and MgB7 - from EPMA even by 
employing the WDX technique. In this respect the optical metallography offers great advantages. 
Crystals of MgB2 possess strongly anisotropic characteristics of polarized light reflection and they 
become hardly bright if polarisation is changed. Crystals of MgB7 display anisotropic properties 
with respect to polarized light in much less extent whereas for MgB4 crystals almost no optical 
anisotropy was observed.  
Besides the flux composition, the initial melt temperature T0  before slow cooling turned 
out as the decisive parameter for the formation of Mg-borides. For high temperatures (T0 > 1100°C) 
the formation of MgB4 and MgB7 prevails and no MgB2 was formed. Typical microstructures of a 
Mg30Cu50B20 flux cooled by 5 K/h from 1200°C containing non-superconducting MgB7 and MgB4 
precipitates are shown in Fig. 3.3a, b respectively. The MgB7 particles display a plate-like shape 
with typical dimensions 350 × 350 × 50 µm3. The MgB4 particles tend to be equiaxed sharply 
edged grains up to 500 µm in size.  
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Fig. 3.3.   Microstructure of a Mg30Cu50B20 flux cooled from high temperatures T0 = 1200°C with 5 K/h, 
which contains non-superconducting MgB7 (a) and MgB4 (b) precipitates, respectively. 
 
At temperatures below T0 ≈ 1100°C for the same Mg30Cu50B20 melt composition the MgB2 
phase can be formed peritectically as a rim surrounding the MgB4 primary phase as demonstrated 
in Fig. 3.4a. That confirms that the theoretically predicted peritectic reaction  
L + MgB4 → MgB2  
at elevated pressure indeed proceeds for ternary Mg-Cu-B alloys. So far, the peritectic 
formation of MgB2 was not observed. If the initial melt temperatures were below 1100°C, for melt 
compositions in the range Mg80-30Cu10-50B10-20 (cf. Fig. 3.2), the MgB2 phase is primarily 
crystallized from the Mg-Cu-B flux. As shown in Fig. 3.4b and Fig. 3.4c the MgB2 crystals appear 
as thin plates and their sizes strongly depend on melt composition and temperature course. The 
maximum size of the crystal achieved is about 200 × 200 × 50 µm3 for the optimum process 
conditions (Mg50Cu40B10, T0 ≈ 1050°C, and cooling rate 5 K/h). The absence of any grain 
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boundaries within the MgB2 particles provides strong evidence of their single crystalline nature. 
Very often MgO particles are incorporated within the matrix of MgB2 crystals. They probably act 
as seeds for the generation of new MgB2 crystals and strongly reduce the maximum crystal size. So 
far we have not found appropriate techniques to get rid of solid Mg-oxide in the Mg-Cu-B melt. 
For Mg-rich flux compositions with < 30 at.% Cu a phase separation of the melt into Mg-
rich and Cu-rich regions was inferred from the microstructure. This is illustrated in Fig. 3.5 for a 
Mg70Cu10B20 flux. There is an obvious tendency of forming Mg-rich regions with a high density of 
small MgB2 particles separated by a Cu-rich flux containing larger MgB2 particles with lower 
particle number density. Seemingly, this microstructure arises from a miscibility gap in the Mg-rich 
corner as predicted by the Mg-Cu-B phase diagram calculation shown in Fig. 3.2b.  The 
concentration range for phase separation phenomena observed in microstructures does not 
quantitatively agree with the predicted miscibility gap but extends toward somewhat higher Cu 
contents. 
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Fig. 3.4.   MgB2 crystallized from melt fluxes of different composition at different growth conditions. (a) The 
peritectically formed MgB2 phase (bright) around a MgB4 primary precipitate (dark) for Mg30Cu50B20 and T0 
= 1100°C. Inset:  measured AC susceptibility vs. temperature χ(T) of the sample with an onset temperature 
of superconductivity of TC0 = 39.2 K . (b) Large plate-like primary MgB2 crystals for Mg35Cu40B25 and T0 = 
1050°C. (c) Small plate-like primary MgB2 crystals for Mg50Cu30B20 and T0 = 1050°C.  
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In agreement with thermodynamic calculations our experimental observations suggest that 
the vapour pressure of Mg must have a great influence on MgB2 phase formation from the melt. 
Any attempt of directional solidification of Mg-Cu-B melts in a finite temperature gradient (30 
K/cm) failed to form MgB2, instead the MgB4 phase was obtained. We interpret this failure as a 
result of the lower temperature at the cooled side of the sealed container, which may cause 
sublimation of the Mg vapour. This would immediately result in a reduced equilibrium Mg vapour 
pressure in the ampoule and finally, in the decomposition of the MgB2 phase within the Mg-Cu-B 
melt flux. That renders the operating window of MgB2 phase formation from the Mg-Cu-B melt 
flux extremely narrow. 
100 µm
Pore
 
 
Fig. 3.5.   Sample of composition 
Mg70Cu10B20 (T0 = 1050°C) showing 
separation into Mg-rich regions 
(encircled) displaying high particle 
density of small MgB2 crystals and Cu-
enriched regions with larger MgB2 
crystals but low particle density. 
 
 
4.    Superconducting properties 
 
Superconducting properties have been measured for a wide composition range of Mg80-
30Cu10-50B10-20 flux bars containing MgB2 particles. Within the Mg-Cu-B system only the MgB2 
phase is known to display superconducting properties with Tc > 4.2 K. That strongly simplifies the 
data analysis of superconductivity measurements. The superconducting behaviour detected in bulk 
samples originate from MgB2 particles crystallized from the molten Mg-Cu-B flux. All flux 
compositions which exhibit no superconducting properties are indicated by open dots in Fig. 3.2. 
No traces of unreacted MgB2 powder from the starting materials have been detected, which might 
have contributed to the superconducting behaviour. For great excess of boron (> 20 at.% B) in the 
flux composition MgB4 particles have been detected, which have not been precipitated from the 
melt but are likely the result of MgB2-powder decomposition processes during heating.  
Typical AC susceptibility vs. temperature plots χ(T) are shown in Fig. 3.6. No 
superconductivity beyond 4.2 K has been detected in specimens without macroscopically visible 
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MgB2 particles. The largest superconducting transition temperature Tc = 39.2 K and the narrowest 
transition width ∆Tc = 1.3 K (from 90% to 10% of χ(T)) have been observed in Mg-Cu-B 
specimens containing MgB2 particles formed by a peritectic reaction from the MgB4 phase (cf. 
Fig. 3.4a). This phase formation mode was found for Cu-rich fluxes (Mg30Cu50B20) and annealing 
temperatures T0 ≈ 1100°C . The cooling rate plays a minor role in the superconducting phase 
formation. Flux compositions in the range of Mg80-40Cu10-40B10-20 with plate-like MgB2 crystals 
primarily formed at liquidus temperatures below the peritectic point, exhibit superconducting 
transitions at lower Tc possibly depending on the temperature of formation of the MgB2 phase. As 
shown in Fig. 3.6, typically, two subsequent superconducting transitions have been inferred from 
the measurements for Mg-rich flux compositions in the vicinity of the predicted miscibility gap (cf. 
Fig. 3.2b). The sample Mg60Cu30B10 (1) with small B-concentration displays two transitions with 
low onset temperatures Tc1 ≈ 22 K and Tc2 = 7.2. For various specimens along an isoplethal section 
at 20 at.% B from 70 to 50 at.% Mg we derived Tc1 ≈ 39 K and a very distinct second transition at 
Tc2 , which slopes down from 31 to 27 K with increasing Cu-content of the flux from 10 to 30 at.%. 
But for Mg40Cu40B20 the second transition practically disappears, which gives rise to a smooth 
transition similar to that of crystals prepared by vapour deposition [140].  
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Fig. 3.6.   AC susceptibility vs. 
temperature χ(T) showing 
superconducting transitions in samples 
with phase separation Mg60Cu30B10 (1), 
Mg70Cu10B20 (2), Mg60Cu20B20 (3), 
Mg50Cu30B20 (4), and with no phase 
separation Mg40Cu40B20 (5) prepared for 
initial melt temperatures T0 = 1050°C. 
 
The possible effect of Cu solubility on superconducting properties of MgB2 [147, 148] was 
revealed by EPMA analysis. No trace of Cu has been detected in MgB2 particles. Therefore we can 
rule out any Cu-solubility in MgB2 within the accuracy limits of the WDX analysis (< 1 at.%). The 
high onset temperature Tc1 ≈ 39 K itself excludes sizeable Cu solubility because of the reported 
depression of Tc by 0.2 K/mol.% Cu [147].  The existence of a finite homogeneity region of MgB2 
compound is assumed to explain the variation of superconducting transition temperatures Tc. This 
is already suggested by the large transition width of the order of ∆Tc ~ 10 K of crystals prepared by 
vapour deposition [140]. The highest Tc was achieved for the peritectically formed MgB2 that is 
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assumed to possess a composition close to stoichiometry. The smaller temperature of formation of 
the MgB2 crystals the larger is the deviation from stoichiometry, accordingly resulting in lower Tc. 
The two very distinct superconducting transitions in phase separated samples hint to growth 
processes proceeding at different temperatures within the Mg- and the Cu-enriched flux regions, 
respectively, and accordingly to different compositions of the individual MgB2 crystals. A 
particularly, low Tc is achieved in the Mg60Cu30B10 sample with low B-concentration which may 
lead to B-depletion in MgB2 crystals. Our suggestion also coincides with conclusions from 
superconducting measurements of ceramic MgB2 samples [149] and on Mg-enriched MgB2 films 
with very low Tc =12 K [150]. 
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Synthesis and physical properties of LiBC intermetallics  
 
 
1.   Motivation 
 
In the past two years there were many efforts to understand the unexpected 
superconducting behaviour of MgB2 [158–160], which led to a growing interest to closely related 
systems especially to the layered compounds with metallic behaviour or compounds which become 
metallic by doping [161–164].  
LiBC is an insulating material [163, 165] with a gap that arises from the replacement of B2 
by BC. But, there are reports [162, 163] about possibilities of heavy hole doping of this compound 
by varying the Li concentration but retaining its crystal structure. The calculations of electronic 
structure of isoelectronic compounds [161, 162, 164] gave rise to the conclusion that LiBC is a 
potential superconducting material. Moreover, the calculated TC of Li1-xBC for x = 0.5 is about 
100 K, and for x = 0.25 at least 40 K [162]. For the first time this compound was prepared by 
Wörle et.al. [163] who also determined some of its physical and chemical properties. LiBC 
crystallised in a primitive hexagonal lattice with space group P63/mmc and lattice parameters 
a = 0.2752 nm and c = 0.7058 nm. The B and C atoms form a planar so-called heterographite layer 
[163, 165, 166]. The interlayer regions are filled by Li. This crystallographic structure is similar to 
that of MgB2 and the interlayer spacing is nearly identical. The BC layers are stacked in an 
alternating fashion. Pronin et al. investigated some electronic and optical properties of LiBC single 
crystals and revealed a B-C stretching mode expected to drive phonon-mediated superconductivity 
[167]. 
The aim of this study is a synthesis of Li deficient LiBC compounds from melt fluxes 
LixBC with various Li portions x and different process parameters, and to provide a survey of their 
low-temperature magnetic and transport properties in a temperature interval from 2 to 300 K. 
 
 
2.   Experimental 
 
The Li granules (99.4%, MaTeck), crystalline (99.52%, Eagle Picher) or amorphous (97%, 
Heraeus) powder of B and graphite powder (99.9% MaTeck) were used as starting materials for 
synthesis of LixBC samples. The elements were weighted in desired ratios, mixed, pressed into 
pellets 9 mm in diameter and placed in a Ta crucible 10 mm in diameter and 60 mm length with 
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0.5 mm thick walls. Then crucible was closed with the Ta cap and sealed in an arc melting furnace. 
All processes were carried out in a protecting Ar gas flow in order to prevent oxidization of the 
materials. Then the crucibles were placed into tube furnace (Nabertherm) and heated in Ar 
atmosphere. The temperature course of the heat treatment  (homogenization 1 h at 500°C, heating 
up with 200 K/h, holding 1 h at 1500°C and fast cooling with 550 K/h to room temperature) was 
almost the same as that described in Ref. [163] . After this procedure the crucibles were opened in 
air and inserted into quartz ampoules of about 20 cm length evacuated up to 10-3 mbar and sealed. 
For distillation of the Li excess those parts of the ampoules containing the Li-B-C samples were 
heated to about 850°C for 4 h. The other end of the ampoules were maintained at room temperature 
where the evaporated Li was precipitated at the cool quartz walls.  
a) b)
c) d)
 
Fig. 3.7.   SEM images of LiBC samples prepared from various flux compositions LixBC. (a)  x = 1.25 and 
(b) x = 1.0; (c) x = 2.0 ,  tube-like inclusions and LiBC platelets; (d) x = 2.0 , after heat treatment 1000°C for 
20 h.  
A series of starting flux compositions LixBC was prepared for synthesis of LiBC samples 
with x = 0.5; 0.75; 1.0; 1.25; 2.0 and 2.4 in order to elucidate the possibility of the LiBC synthesis 
with different Li deficiencies. All the samples obtained were porous, containing LiBC particles 
with color from golden to brown and black depending on the starting composition. Several samples 
were annealed at 900°C, 1000°C and 1100°C for 20 h in closed evacuated quartz ampoules to test 
the thermal stability of the LiBC and eventually inducing Li-deficiency of the LiBC compound.  
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3.   Results and discussion 
 
3.1. XRD measurements 
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Fig. 3.8.   XRD pattern of LiBC 
samples prepared from various 
flux compositions LixBC for x = 
1.0, 1.25 and 2.0. The 
reflections of the different 
impurity phases are indicated by 
full dots (boron-rich (B,C)-
phase) and triangles (graphite).  
 
In Fig. 3.7 the SEM images of samples with x = 1.0; 1.25; 2.0 are shown. The best samples 
containing platelets of 2 µm thickness and 20 µm in diameter with golden colour and clean surfaces 
were obtained for a starting flux composition LixBC with x = 1.25 (Fig. 3.7a). Whereas, for 
x < 1.25 the plate-like morphology was changed into elongated fine grains (Fig. 3.7b) of black 
color, which may represent Li-depleted particles according to Wörle [163]. For flux compositions x 
> 1.25 some (carbon) fibers or tubes have been detected between the platelets (Fig. 3.7c). Heat 
treatment of samples at 1000°C led to a partial decomposition and to small particles on the LiBC 
platelets (Fig. 3.7d). The corresponding XRD patterns in Fig. 3.8 confirmed the single phase nature 
of samples prepared for flux compositions with x = 1.25.  
All the other samples contain impurity phases to some extend, which have not been 
identified completely. For x = 2.0 strong reflections of graphite were detected, which confirm the 
suggestion of carbon fibres from the SEM image. Weak reflections of boron rich phases BCx were 
also detected in samples prepared from Li-depleted fluxes. The obtained LiBC samples crystallized 
in primitive hexagonal P63/mmc structure. The lattice parameters a, c and the unit cell volume are 
derived from X-ray diffraction patterns. A characteristic dependence on the flux composition 
LixBC is shown in Fig. 3.9. The trend is increasing of the unit cell volume with increasing of Li 
content in LixBC flux composition until a maximum at x = 1.25 is achieved. The change of lattice 
constant is more apparent for a than for the distance of the layers c. We may attribute the observed 
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change of the lattice to a defect structure and a finite homogeneity region of the LiBC compound. 
The lattice constants at x = 1.25, a = 0.275 nm and c = 0.7055 nm are in fair agreement with 
a = 0.2752 nm and c = 0.7058 nm reported by Wörle at al. [163] for the stoichiometric LiBC 
compound. Whereas, our minimum values achieved for x = 2.4 a = 0.2750 nm and c = 0.7042 nm 
are still far from a = 0.2731 nm and c = 0.7006 nm reported for Li-depleted brown crystals in Ref. 
[163]. Annealing of off-stoichiometric samples (from flux compositions x = 2.0 and 2.4) at 900°C 
increased the unit cell volume by a sizeable amount. That may hint to a relaxation of the defect 
structure. The effect of annealing was not further enhanced by a temperature rise to 1000°C. 
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Fig. 3.9.   Lattice parameters a, c and unit cell volume of the LiBC compound as function of the Li-fraction x 
of the LixBC melt flux. Open dots – after annealing 900°C for 20 h.  
In accordance with [163] we suppose that a Li-depletion of  the LiBC compound is 
responsible for the shift in lattice constants and the reduction of the unit cell volume. But, it is not 
possible to establish a direct correlation with the composition of the LiBC compound because of 
the lack of accurate analysis methods. In particular, electron microprobe analysis fails for the light 
elements. But, interpretation of data from chemical methods is too complicated due to the 
multiphase character of the samples.  
Attempts to reduce Li contents of crystals by annealing and maintaining the same crystal 
structure were not successful. LiBC decomposes by formation of primitive borides and for 
temperatures larger 1000°C it decays into the elements. The higher the annealing temperature the 
weaker are X-ray reflections of the LiBC compound in the annealed samples. For 1100°C almost 
no LiBC reflections were observed. Therefore we must suppose that the annealing is not an 
appropriate technique for reducing Li contents in the LiBC compound.  
In this study we have focused our attention to measure the physical properties of Li-
deficient samples prepared from different flux compositions LixBC with x = 0.5 to 2.4. As stated 
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above only for x = 1.25 single phase LiBC samples were obtained, whereas for all other samples 
we are faced with impurity phases to some extent as shown in the X-ray diffraction patterns 
Fig. 3.8. 
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Fig. 3.10.   Temperature dependence of the electrical resistivity r of LiBC samples prepared from various flux 
compositions LixBC, x = 1.0, 1.25, and = 2.4. Inset: Log r vs. 1/T of the single-phase sample (x = 1.25). 
  
3.2. Resistivity measurements 
 
The electrical resistivity of all the distilled LiBC samples prepared from LixBC fluxes of 
different compositions from 0.5 to 2.4 were measured in the range 1.8 – 300 K. Results for  x = 1.0, 
1.25 and 2.4 are presented in Fig. 3.10. The single-phase sample x = 1.25 exhibits semiconducting 
behaviour and an outstanding high resistivity with 2.5 Ωcm near room temperature. The 
semiconducting behaviour is less pronounced and the magnitude of resistivity is reduced by 2 - 3 
orders of magnitude for samples prepared from fluxes with x ≠ 1.25 as well as in annealed samples. 
In any case no superconducting transition to zero resistance was observed throughout the 
temperature range from 1.8 K to 300 K. The semiconducting behaviour of the single-phase sample 
(x = 1.25) resembles the overall behaviour reported in Ref. [167]. However, different from those 
authors we have analysed the data in the common Log ρ vs. (1/T) plot (inset to Fig. 3.10). The 
small activation energy of ∆E = 18 meV derived from the linear extrapolation at temperatures 
140 < T < 300 K is in accordance with an extrinsic semiconducting behaviour. The electrical 
behaviour of single-phase LiBC samples strongly resembles that of doped and compensated 
Chapter 3  Crystal growth of superconducting compounds by flux technique 
 
  
 78 
semiconductors [167] where the activation energy near room temperature determined by the 
difference EF - ED between Fermi energy EF and the level of dopant ED. For low temperatures T < 
20 K there is an obvious transition toward another conductivity mode. Therefore, the low 
temperature specific resistivity was fitted ρ ∼ exp (B/T1/4) valid for variable range hopping [168].  
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Fig. 3.11.   Log ρ vs. T1/4 plot of the electrical 
resistivity ρ at T < 16 K for LiBC samples prepared 
from various flux compositions LixBC, x = 1.0, 
1.25, and = 2.4. Full line: linear fit. 
As shown in Fig. 3.11 the experimental results of the ρ vs. T1/4 plot reasonably well match 
with a linear behaviour. The linear slope is decreased in the sequence of B = 0.31 K1/4 for single-
phase samples (x = 1.25) to B = 0.19 K1/4 (x = 2.4) and B = 0.12 K1/4 (x = 1.0).  The same sequence 
also holds for the reduction of the magnitude of specific resistivity of samples grown from fluxes 
with x = 1.0 and 2.4 shown in Fig. 3.10. Very small activation energies ∆E ≤ 0.1 meV at room 
temperature were derived for those samples. Therefore, we suppose that they approach to a nearly 
metallic behaviour because of an enhanced density of defects. Wörle et al. [163] have attributed the 
variation of room-temperature specific conductivity of LiBC samples by several orders of 
magnitude to both doping by the stoichiometry deviations of the LiBC intermetallic compound and 
grain boundary effects. Since some samples (with x ≠ 1.25) contain graphite as a minority phase, 
the latter can contribute to the metallic behaviour, too. However, the minority phase does not form 
a continuous network according to our SEM images (Fig. 3.7c,d) and will not dominate the electric 
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properties. Therefore, enhanced doping is presumed to be responsible for the increase in electric 
conductivity in samples with x ≠ 1.25. 
  
  
3.3. Magnetization measurements 
 
The magnetic measurements in all cases exhibit a small positive magnetization (M > 0) 
characteristic for paramagnetic behaviour. However, we have not found any diamagnetism 
associated with superconductivity for all LiBC samples investigated down to temperatures of 2 K.  
In Fig. 3.12 the magnetization of the single phase LiBC sample (x = 1.25) between 300 K and 2 K 
is shown under zero-field cooled and field cooled conditions with a magnetic field 2 mT. Both data 
sets are recorded during warming up of the samples. There is a sizeable difference between 
susceptibility for the zero-field cooled and field cooled conditions below a bifurcation temperature 
Tb ≈ 250 K. It results from thermally activated magnetization processes due to the presence of 
lattice sites carrying magnetic moments. In field cooled samples the frozen-in magnetic order is 
reduced and magnetization continually slows down with rising temperature. For zero-field cooled 
samples, on the other hand, with increasing temperature a (weak) magnetic order of the interacting 
magnetic moments is established by thermally activated processes until a maximum is achieved 
near 50 K. With further increase of temperature the magnetization is again reduced by thermal 
fluctuations. The origin of the weak magnetism is not fully understood. It may be due to small 
magnetic impurities in nonmagnetic LiBC rather than to the LiBC compound itself. 
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Fig. 3.12.   Temperature 
dependence of magnetization for 
LiBC samples prepared from a 
Li1.25BC flux for zero-field cooled 
(ZFC) and field cooled (2 mT, FC) 
conditions. 
For samples with x = 1.25 and 1.0 a sharp drop of the susceptibility is observed at ∼ 5 K. 
This may be of superconducting origin of a minority phase in the semiconducting matrix. Since for 
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x = 1.25 only LiBC structure was detected we could propose that this is a small amount of Li 
deficiency phase in stoichiometric LiBC matrix.   
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Chapter 4  
 
Crystal growth of magnetic and thermoelectric 
compounds 
 
CeSix single crystals:  growth features and properties 
 
1.  Motivation 
 
The properties of rare earth silicides have attracted great scientific interest since many 
years due to their large variety of ground states and their potential in applications in semiconductor 
technology. But despite more than 20 years of intense research, rare earth silicides still have not 
been fully understood. The origin of magnetic order in Ce compounds traditionally is attributed to a 
strong competition between single-site Kondo screening and RKKY interactions [169–171]. Only a 
few Ce compounds are known to exhibit ferromagnetic order. Ce-disilicides were first studied by 
Perri and coworkers [172, 173]. These CeSi2-δ compounds are extensively studied [174-177] 
because their ground state changes from antiferromagnetic, over ferromagnetic to paramagnetic for 
a small variation of Si content.  
CeSi2-δ is particularly suited for a study of the role of Si deficiency, because it exhibits a 
large homogeneity region [2, 173, 176, 178–179]. The single phase region is estimated as 0.4 < δ < 
0, but the data of the lower boundary differ [2, 176, 180]. In the following we will use the 
nomenclature CeSix (x < 2) for designation of Si deficient CeSi2, as broadly used in the literature. 
 The physical properties of CeSix as function of Si deficiency may be summarized as 
follows. CeSi2.0 is well-known as an intermediate-valence compound, which shows a characteristic 
temperature scale that is conventionally identified with the Kondo temperature. For increasing 
silicon deficiency (δ = 2-x) this temperature scale drops. Below some critical value, long-range 
magnetic ferromagnetic order is observed with low ordering temperatures of the order 10 K. The 
crossover from nonmagnetic to magnetic behavior has been reported for x in the range 1.83 to 1.85 
[171, 176, 180, 181].  
Despite various studies the region near CeSi2 , the binary Ce-Si phase diagram 
[2, 179, 182] is not well established. According to reference [2] the CeSix compound melts 
congruently at x = 1.86 and 1620°C, exhibits a tetragonal α-ThSi2 crystal structure, and a 
homogeneity region of 1.78 < x < 2.0. Another Ce3Si5 compound is described with an 
orthorhombic α-GdSi2 structure, which forms incongruently at 1560°C [2]. In a later study it was 
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shown that CeSix displays a wider homogeneity region 1.6 < x < 2.0 and, depending on Si-
deficiency, crystallizes in two related crystal structures the orthorhombic α-GdSi2-type in the range 
1.6 < x < 1.8, and the tetragonal congruently melting α-ThSi2-type for 1.8 < x < 2.0, respectively 
[178, 181]. Only recently it was found that CeSix with α-GdSi2-type crystal structure melts 
congruently at x = 1.70 and 1725°C, whereas the tetragonal α-ThSi2 type phase melts 
incongruently at 1575°C [179]. Exact phase relations in that Ce-Si binary phase diagram hence are 
still an open issue. 
Although the low temperature range of the Ce-Si phase diagram was studied quite 
extensively on polycrystalline samples [171, 178, 179, 181, 183], there is very poor and partially 
contradictory information about the high temperature range, the liquidus and solidus lines, 
crystallization features as well as homogeneity range of the two structural modifications 
[2, 179, 184, 185]. This may by explained by difficulties of handling the high melting point (about 
1700°C) and a very high chemical activity of the CeSix melt. No crystallographic transitions were 
detected in polycrystalline samples.  
A key characteristic of the magnetic properties of CeSix is a strong anisotropy of the 
magnetic properties [170, 186]. This highlights the need for high-quality single crystals in studies 
of the nature of the magnetic order. Several attempts have been reported to grow CeSix single 
crystals. CeSi1.70-1.71 and CeSi1.86 single crystals were grown by a Floating Zone (FZ) technique 
[170, 187], and a Czochralski technique in a Hukin-type crucible [169]. The primary constraint of 
the past studies is that the compositions of the grown crystals were only determined in an indirect 
way by comparing the low-temperature electronic specific heat coefficient γ with those of 
polycrystalline samples of a given composition [177]. No other data about crystal perfection have 
been reported. CeSix crystals, which display a mosaic structure with a spread in orientation of about 
2°, were also grown by tri-arc melting CZ method with a water-cooled rotating container [188].  
Therefore, in spite of the wide investigations of the CeSix compounds and several attempts 
of crystal growth presented in numerous papers there is still no reliable systematic investigation of 
the crystallization process, phase relations during solidification and the correlation of composition 
and growth parameters with crystal perfection. Accordingly, a systematic study of the physical 
properties of high quality single crystals as function of Si deficiency have not been reported. 
The aim of the present work was a systematic study of the CeSix crystal growth process by 
the FZ technique with both optical and RF induction heating [26, 122] in the light of recent Ce-Si 
phase diagram predictions [179]. Growth experiments were conducted with a wide variety of feed 
rod compositions and growth parameters, which were related to the crystallographic structure, the 
actual composition of the single crystal, the impurity content and segregation effects. We find a 
strong effect of the oxygen impurity concentration and the melt convection at different heating 
modes on the morphological instability. Selected low-temperature physical properties of single 
crystalline samples have been determined for a first characterization.  
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2.  Experimental 
 
Ce metals blocks (99.9%) were mechanically purified in a protective Ar atmosphere to 
remove the oxide film and co-melted with Si pieces (99.99%) in an arc-melting furnace on a water-
cooled copper plate. From this CeSiy master alloy feed rods 6.3 mm in diameter and 65 – 80 mm in 
length were cast under purified Ar atmosphere in a Hukin-type cold crucible with RF induction 
heating. 
The CeSix single crystal growth was accomplished by vertical floating zone techniques 
with both radio frequency induction and optical heating. An axially symmetric counter-rotation of 
the crystal (30- 60 rpm) and the feed rod (5-20 rpm) were employed for both RF induction and 
optical heating. Growth rates were selected in the range 2 to 15 mm/h depending on feed rod 
composition and further features of the heating. 
 
 
3.  Crystal growth and characterization  
 
3.1 Phase diagram and growth features 
 
The Ce-Si phase diagram presented in Massalski [2] (see Fig. 4.1b) was strongly modified 
by detailed studies of crystallization processes with various CeSix compositions, DTA analysis and 
metallographic investigations. A sketch of the modified Ce–Si phase diagram is presented in 
Fig. 4.1a Arrows correspond to feed rod compositions used for FZ growth processes, triangles are 
data of DTS analysis. The basic changes are based on the recently published work of Bulanova 
[179] but some modifications have been made. Our results differ from [179] in the composition 
values, which is probably due to the features of the preparation technique of polycrystalline 
samples. 
CeSiy single crystals have been grown by floating zone technique with either optical or RF 
induction heating for a wide variety of feed rod compositions CeSix, (x = 2.0, 1.89, 1.86, 1.84, 1.82, 
1.81, 1.76). The feed rod compositions used are indicated in Fig. 4.1a.  
The perfection of the crystals was found to depend strongly on the feed rod composition, 
the method of growth and specific growth parameters. Crack free, single-phase crystals were only 
achieved in a narrow interval of feed rod compositions y = 1.81 to 1.82. The crystals grown by FZ 
technique with optical (Fig. 4.2a) and RF induction heating (Fig. 4.2b), respectively, were 6 - 7 mm 
in diameter and 50 - 70 mm in length with a lustrous metallic surface and well developed facets 
parallel to (001) or (110) planes depending on the growth technique. In the case of seeding-on a 
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polycrystalline rod an entirely single-crystalline cross-section (∅  ≈ 6 mm) was achieved after 5 to 
10 mm growth. 
1,0 1,1 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 2,0 2,1 2,2 2,3 5 6 7
1200
1300
1400
1500
1600
1700
 
Te
m
pe
ra
tu
re
, °
C
Si content (Formula units)
O
rt
ho
rh
om
bi
c
st
ru
ct
ur
e 
T
et
ra
go
na
l
st
ru
ct
ur
e 
1614°C 
1715°C 
1575°C *)
1200°C 
CeSi
Si
1,0 1,1 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 2,0 2,1 2,2 2,3 5 6 7
1200
1300
1400
1500
1600
1700
 
Te
m
pe
ra
tu
re
, °
C
Si content (Formula units)
T
et
ra
go
na
l
st
ru
ct
ur
e 
1200°C 
CeSi
Si
1620°C
1400°C
1560°C
C
e
C
e 33
SiSi
55
a) b)
Ed. Massalski [2]
 
Te
m
pe
ra
tu
re
, °
C
O
rt
ho
rh
om
bi
c
st
ru
ct
ur
e 
T
et
ra
go
na
l
st
ru
ct
ur
e 
 
Te
m
pe
ra
tu
re
, °
C
T
et
ra
go
na
l
st
ru
ct
ur
e 
C
e
C
e 33
SiSi
55
 
Te
m
pe
ra
tu
re
, °
C
O
rt
ho
rh
om
bi
c
st
ru
ct
ur
e 
T
et
ra
go
na
l
st
ru
ct
ur
e 
 
Te
m
pe
ra
tu
re
, °
C
O
rt
ho
rh
om
bi
c
st
ru
ct
ur
e 
T
et
ra
go
na
l
st
ru
ct
ur
e 
 
Te
m
pe
ra
tu
re
, °
C
T
et
ra
go
na
l
st
ru
ct
ur
e 
C
e
C
e 33
SiSi
55
 
Te
m
pe
ra
tu
re
, °
C
T
et
ra
go
na
l
st
ru
ct
ur
e 
C
e
C
e 33
SiSi
55
 
Fig. 4.1.   Sketch of the Ce – Si phase diagram around CeSi2 region derived from the presented studies (a) 
and in Massalski [2] (b). Arrows – compositions of CeSiy feed rods used in FZ growth processes (triangles – 
DTA  data at heating, *) – the temperature defined in Ref. [179]) 
For RF heating of the FZ crystals the preferred growth direction was [110] with the c-axis 
perpendicular to the rod axis and two facets parallel to the c-plane (Fig. 4.2d). For optical heating 
the growth direction was nearly parallel to the c-axis with four well-developed facets in the (110) 
planes, which leads to square shaped cross-sections shown in Fig. 4.2c for a CeSi1.81 single crystal. 
The striking change in the preferred orientations for the two growth techniques is attributed to 
different temperature and concentration gradients in the front of the solid-liquid interface, probably 
caused by the presence of very strong electromagnetic convection in the molten zone in the case of 
RF induction heating. The strong electromagnetic convection contrasts with the weaker natural and 
Marangoni convection combined with rotation-driven flow for optical heating. This may affect the 
selection of growth directions at growing the interface. Another obvious difference between the 
two growth methods is the maximum growth rate for producing high-quality CeSix crystals with 
x≈1.81, which amounts 15 mm/h for RF induction heating but 2 mm/h for optical heating. 
Exceeding the critical growth rate leads to constitutional supercooling effects and cellular growth.   
For feed rod compositions outside the narrow interval 1.81 < y  < 1.82 second phase 
inclusions have always been detected in the as-grown crystals. For y > 1.82 there are small Si-
inclusions < 20 µm in size (Fig. 4.3), which are precipitated preferentially near the surface, but to a 
much less extend in the center of the grown crystalline rod. They seemingly are caused by the 
accumulation of Si in the melt ahead the crystal-melt interface due to a large concentration 
difference between solidus and liquidus lines (compare Fig. 4.1a). Consequently, the floating zone 
frozen at the end of the growth process was always enriched with Si. For large deviations of feed 
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rod compositions from (x > 1.82) the molten zone became unstable and its length increased during 
the growth process. This effect is more pronounced for RF induction heating. For CeSi2 feed rods 
an extreme expansion of the molten zone accompanied by a pinch effect in its upper part and the 
formation of a rim with a near-eutectic Ce-87 at% Si composition at the feed rod surface. We 
suppose that all these peculiarities are due to the composition deviation between the melt and the 
growing crystal. But, surprisingly the Si-inclusions do not generate new grains and the single-
crystalline nature of the as-grown CeSix rods is maintained. However, cracks are formed around Si-
inclusions, which are harmful for the crystal quality. 
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Fig. 4.2.   Samples of CeSix single 
crystal (x=1.81) grown by FZ 
technique with optical (a) RF 
induction heating (b) and 
corresponding cross-sections in 
polarized light (c) and (d), 
respectively. 
 
For y < 1.8 inclusions of CeSi were observed in the grown crystals as well as in molten 
zones frozen at the end of the growth process. Different from the situation for y > 1.82, rising Si-
deficiency leads to a crystal-melt interface instability, the generation of new grains and finally the 
loss of single crystalline character of the rod.  
Almost all Si- or CeSi-inclusions, which directly grow from the melt, could be removed by 
an aftergrowth heat treatment at 800 - 1000°C for 24 to 100 h. This suggests that the homogeneity 
region of the CeSix phase at low temperatures is much more extended then for high temperatures. 
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Si
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Fig. 4.3.   Si inclusions at the edge of CeSix 
(x=1.87) crystal grown by FZ technique with 
optical heating. 
 
 
3.2  Surface peculiarities of CeSix cross-sections 
 
In polished sections of rare earth compounds sometimes structures may be detected 
Fig. 4.4a along the crystal orientation. In a recent paper these phenomena were discussed for some 
PrSix (1.33 < x < 1.85) intermetallic compounds where a coherent lamellar structure was observed 
within selected grains (cf. Fig. 1 in ref. [189]). The authors have attributed these lamellar structures 
to two phase regions resulting from a ThSi2 -type ⇒ GdSi2 -type solid state transformation, which 
causes an orthorhombic distortion.  
a)
0.5 mm 0.5 mm
b)
50 µm
 
Fig. 4.4.   Microstructure on CeSix polished surface in polarized light before (a) and immediately after 
repieted polishing (b). 
We have frequently detected similar surface structures in crystal sections of other rare earth 
containing samples such as RECu2 (RE = Tb, Pr, Gd, Tm) polycrystalline samples and CeSi2 
polycrystals, where the structures grow coherently, appear more pronounced at some grains, but are 
absent on some other grains (see Fig. 4.4a). These surface structures can be removed by polishing 
(see Fig. 4.4b), but after some time of exposure to air they appear again. Therefore, different from 
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the authors [179, 189], according to our observation we attribute the structures to the formation of 
coherent oxide layers at the polished surface.  
 
3.3  Effect of oxygen 
 
A crucial problem of CeSix crystal growth is the control of the oxygen impurity content of 
the melt which can deteriorate the crystal perfection (See Chapter 2 §3.3). In CeSix crystal growth 
processes the oxygen content is, however, less critical because of a silicothermic reaction of oxides 
with Si leading to a formation of volatile SiO. The SiO evaporates from the molten zone at 
sufficiently high temperatures and condenses at the cold parts of the growth chamber, which 
induces a steady flow from the melt. Even though thermodynamically more stable, RE-oxides 
experience a similar reduction during the melting process. This finally can lead to a reduction of 
the oxygen impurity content of the melt by factor of 2 to 3 [190–191].  
a) b)
 
Fig. 4.5.   SEM images of two CeSix (x=1.81) crystal cross-sections with cellular structure (a) and without the 
one (b) grown with optical and RF induction heating, respectively. The growth rate was 10 mm/h for both 
cases. The white phase – Ce-oxide. 
In the case of CeSix crystal growth solid Ce-oxide particles (melting temperature of Ce2O3 
is 2230°C) did not appear in the melt, but the oxygen impurity is probably dissolved in the CeSix 
melt. This reduces the strength of silicothermic reaction and diminishes its purifying effect on the 
melt. The dissolved oxygen is accumulated in front of the melt-crystal interface and causes 
constitutional supercooling and subsequent cellular growth of the crystal. The cellular growth 
structure with cell sizes about 50 µm and Ce-oxide inclusions in the cell walls is presented in 
Fig. 4.5a, which shows a cross-section perpendicular to the rod axis of a CeSix crystal grown at 
10 mm/h by the FZ technique with optical heating. The average oxygen content of the crystal was 
~ 0.9 mol%. Crystals grown at the same parameters with RF heating do not exhibit the cellular 
structure Fig. 4.5b, which is probably due to the presence of strong electromagnetic convection. 
This decreases the diffusive layer and increases the temperature gradients in front of solid-liquid 
interface and cancels its morphological instability. 
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Fig. 4.6.   Dependence of oxygen 
content of representative samples of 
the grown CeSix crystals (full dots) 
and feed rods (open dots) on Si 
concentration in the initial feed rods. 
 
The Si-activity, the kinetics of the silicothermic reaction and its effect on reducing the 
oxygen content in the melt strongly depend on the feed rod composition and the Si concentration of 
the molten zone. In Fig. 4.6 the average oxygen content of the grown crystals obtained at the same 
growth conditions is given as function of the Si concentration of the polycrystalline feed rods. We 
relate a decrease of the power of the silicothermic reaction with an increase of the Ce-oxide 
dissolution in the CeSix melt. The strong influence of the silicothermic reaction is demonstrated at 
feed rod compositions CeSi1.89 , where the oxygen impurity content is reduced from 1.8 mol% in 
the feed rod to ~ 0.2 mol% in the as-grown crystal. The reduction of Si-activity with decreasing Si-
content in feed rods is obvious. The absence of any traces of Ce-oxide inclusions, which can easily 
be detected by SEM and metallographic methods, in as-grown CeSix crystals with oxygen contents 
of ~ 0.2-0.5 mol% has confirmed sizable oxygen solubility in the crystal.  
The oxygen impurity content not only deteriorates crystal perfection but can also lead to a 
shift of the predefined composition of the crystals. There are two competing processes, which lead 
to opposite effects. (1) The reaction of oxygen with Ce-atoms and precipitation of Ce-oxide, lead to 
a Ce-deficiency with respect to the nominal Ce-content. (2) There is a Si loss by the silicothermic 
reaction and evaporation of SiO from the CeSix melts. Therefore, 1 at% of oxygen impurity (which 
is not unusual) can alter the Ce/Si ratio and shift δ by ± 0.01 in the formula unit CeSix , depending 
on the Si-activity in the melt.  
 
3.4  Structure and compositions of as-grown CeSix  crystals  
 
Lattice parameters of different crystal sections were studied with powder XRD analysis. 
All the XRD patterns showed an obvious splitting of the X-ray reflections corresponding to the 
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orthorhombic symmetry with α-GdSi2-type crystal structure. For x=1.81 the lattice parameters are: 
a=4.173 Å, b=4.181 Å and c=13.846 Å. The increase of the unit cell volumes of the crystals on Si 
content in feed rods is shown in Fig. 4.7a. There is a big difference of lattice parameters at the 
initial and the final part of CeSix crystals for feed rod compositions with Si-depletion (y = 1.76) and 
excess Si (y = 1.89), respectively, which may be attributed to macrosegregation effects. Our results 
confirm the congruent melting of the orthorhombic α-GdSi2 phase at x ≈ 1.80 – 1.82 and 1715°C 
from the sketch of Ce-Si phase diagram Fig. 4.1a. The orthorhombic phase is solidified at both 
sides with respect to the maximum of the melting point for the range of compositions considered. 
The data differ from the Ce-Si binary phase diagram given by Massalski et al. [2] which claim 
congruent melting of the tetragonal α-ThSi2 structure at x = 1.85 and 1575°C. There is also a 
serious discrepancy with most results obtained from studies of polycrystalline samples, which 
recognized that depending on Si-deficiency, CeSi2 has either orthorhombic α-GdSi2 or tetragonal 
α-ThSi2 crystal structure.  
A direct determination of the Si concentration in Ce-Si samples is very difficult to achieve 
due to some features of Si atoms, which cause large errors in standard techniques like EDX and 
conventional chemical methods. In several papers an indirect estimation of the crystal 
concentration is accomplished by comparison of low temperature specific heat data or lattice 
parameters with polycrystalline samples of given composition [169, 170]. In spite of the transition 
from tetragonal to orthorhombic structure with increasing Si-deficiency x, the unit cell volume of 
CeSix monotonically decreases with rising x with no discontinuity at this transformation [171]. 
Therefore, Si-concentrations of crystals in our case were determined by comparison of our 
crystallographic data with results of the unit cell volume from well-homogenized polycrystalline 
samples [171, 192–193].  
The crystal compositions obtained with the above-mentioned method are presented in 
Fig. 4.7b vs. feed rod composition. The errors are defined by accuracy of the reference curve used. 
The difference of crystal compositions between initial and the end parts of the crystals for feed rod 
compositions x = 1.76 and 1.89 hint to a sizeable macrosegregation which is less apparent for feed 
rod compositions x ≈ 1.80 – 1.82. At the beginning, independent of the feed rod composition y, 
CeSiy crystals approach almost the same composition with y ≈ 1.80 – 1.82 close to the presumed 
maximum of the melting point. For Si-deficient feed rods with x = 1.76 the Si concentration 
increases along the crystal axis until it reaches y ≈ 1.79. By contrast, for x = 1.89 the Si-content 
increases until it reaches y ≈ 1.85 at the end of the growth process. The observed segregation 
effects agree as anticipated from features of the phase diagram shown in Fig. 4.1a, namely the 
congruent melting of the orthorhombic CeSiy compound near y ≈ 1.81 – 1.82 and a widening of the 
homogeneity range between the solidus lines at the Si-depleted and the Si-rich side below the 
melting point maximum at 1715°C. Consequently, excess Si (Si-deficiency) in feed rods with 
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respect to the composition of congruent melting leads to a gradual accumulation (depletion) of Si in 
the molten zone. This was confirmed by microstructure investigations of frozen-in ultimate zones. 
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Fig. 4.7.   Unit cell volume (a) and corresponding real silicon content (b) in the initial (triangles) and in the 
end parts (squares) of the grown crystals versus composition of CeSix feed rods. Arrows show direction of 
element segregation along the growing crystals. 
 
4.  Bulk properties 
 
The magnetization of single crystals with CeSi1.81 composition has been measured for 
temperatures in the range 1.6 K to 300 K and magnetic fields up to 0.5 T. Data presented in the 
following were recorded for an easy magnetic axis, here chosen to be the a-axis. So far reliable data 
for the magnetically hard c-axis are not available for technical reasons. Therefore, a direct measure 
of the strong magnetic anisotropy cannot be provided.  
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Fig. 4.8.   Ordered magnetic moment as 
function of temperature extrapolated for zero 
field from hystersis loops. Ferromagnetism 
develops below TC=9.5K characteristic of a 
second order phase transition. The inset 
displays typical hystersis loops at different 
temperatures as discussed in the text. 
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Shown in Fig. 4.8 is the ordered magnetic moment µs as extrapolated from the non-
hysteretic part of slow magnetic field cycles Typical hysteresis loops are presented in the inset to 
Fig. 4.8. Below TC ≈ 9.5 K a ferromagnetic moment develops continuously that passes through a 
very broad maximum near T* ≈ 4 K before it gently drops towards the lowest temperatures 
measured. Slightly above T* the shape of the hysteresis loops changes and develops additional 
width on the high field sides, characteristic of an antiferromagnetic component. The extrapolated T 
= 0 ordered moment is 0.186 µB.  
The value of TC may be compared with that extracted from the dc-susceptibility χ=M/B 
computed directly from the temperature dependence of the dc-magnetization measured in magnetic 
fields of 0.1 T, 0.5 T and 1.0 T. The differential susceptibility χd = dM/dB for B > 0 was calculated 
from field cycles above TC. Shown in Fig. 4.9 is the inverse susceptibility to emphasize important 
characteristics of the temperature dependence. The dc susceptibility compares well with the 
differential susceptibility (full dots) until very close before TC where χd-1 continues to drop all the 
way to zero as expected of ferromagnetic order. Above 100 K χ-1 follows essentially a Curie-Weiss 
dependence with a fluctuating moment of 2.05 µB/f.u. and an extrapolated zero temperature Curie 
constant Θ ≈ -20 K. This suggests an antiferromagnetic exchange coupling of the fluctuating 
moments at high temperatures. For intermediate temperatures a negative slope of the inverse 
susceptibility increases, i.e. the susceptibility diverges faster than a Curie-Weiss dependence. The 
transition temperature defined through χ-1(TC)=0 agrees well with that inferred from the 
temperature dependence of the ordered moment. 
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Fig. 4.9.   Temperature dependence 
of the inverse susceptibility. Near TC 
additional downward curvature 
develops. The inset displays the 
variation at high temperatures. 
 
In the inset of Fig. 4.10 we show the specific heat of CeSi1.81 single crystal. A pronounced 
anomaly is observed that peaks at 9.2 K, just below TC. The differences of TC as determined in 
magnetization measurements and the peak of the anomaly in the specific heat may be related to a 
mean field broadening of the transition. No other anomalies similar to those described in [170] 
were observed. 
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The electrical resistivity has been measured on rectangular platelets (5x1x1mm3) cut from 
the single crystals with the best crystallographic perfection. The resistivity for one of the principal 
crystallographic axes in the magnetic easy plane and for the hard axis were measured, using a 
standard four-probe technique. As shown in Fig. 4.10 the resistivity is characterized by a 
pronounced anisotropy between the crystallographic directions. For the magnetically soft a-axis we 
observe a monotonic increase from 300 K down to 9.2 K, the temperature of the ferromagnetic 
phase transition. Below 9.2 K the resistivity sharply drops and decreases linearly for the data points 
measured. The pronounced drop in the resistivity shows a pronounced freezing out of the dominant 
scattering mechanism that must be at the heart of the temperature dependence at high temperatures. 
There are no other characteristic energy scales evident in the resistivity for this axis. In contrast, the 
resistivity along the magnetically hard c-axis initially drops below 300 K and rises from 250 K to 
24 K where it displays a broad maximum. The onset of ferromagnetism is accompanied by a kink 
at 9.2 K and an additional downturn. The impurity limit of the resistivity at low temperatures 
cannot be extracted for the temperature range studied here. 
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Fig. 4.10.   Temperature dependence of resistivity in two crystallographic directions for CeSi1.81 single 
crystal. The data are normalized to resistivity at 300 K. Insert: Temperature dependence of specific heat for 
the same crystal. 
The magnetic properties are consistent with previous reports of a ferromagnetic order. A 
more complete analysis of the properties as function of temperature and high magnetic fields that 
sheds light on the nature of the temperature dependence of the magnetic susceptibility and origin of 
the shape of the low temperature hysteresis loops is in preparation. 
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FZ growth and characterization of semiconducting Ru2Si3 
single crystals 
 
1.  Motivation 
 
The semiconducting ruthenium silicide Ru2Si3 is described in [194, 195]  as a promising 
thermoelectric material.  A dimensionless figure of merit, ZT, where Z=S2/ρλ with S being the 
Seebeck coefficient, ρ the electrical resistivity and λ the thermal conductivity, has been estimated 
to be greater than unity for Ru2Si3 [196, 197]. However, due to the difficulties of preparation this 
could not be confirmed experimentally so far.  
Ru2Si3 is a member of the large family of the transition-metal compounds of the defect-
TiSi2 type characterized by a very long unit cell in one direction. Pearson [198] introduced for this 
material class the term Nowotny “chemney-ladder” compounds. The orthorhombic centro-
symmetric unit cell Pbcn (D142h) is complex and contains 40 atoms. Within the temperature region 
1000°C-1300°C a structure transformation into the tetragonal phase is supposed [199]. However, to 
our knowledge there is no report on the successful preparation of this tetragonal phase and the 
detailed crystal structure of Ru2Si3 has not yet been clarified [200]. 
Up to now several attempts were made to grow large single crystals by different 
techniques. The largest crystals up to 12 mm in diameter and 20 mm in length were grown by a 
Bridgman-like technique in boron nitride crucibles [196, 201, 202]. But in this case boron rich 
plate-like inclusions have been observed resulting from a reaction of the melt with the crucible 
material. Those precipitates are assumed to interrupt the current paths in the crystal samples and to 
an increase of the electrical resistivity by two orders of magnitude [196]. 
There are reports of obtaining Ru2Si3 single crystals by floating zone technique with 
radiation heating [197, 203] and a modified Czochralski technique from a levitated melt in a cold 
Hukin-type copper crucible [204, 205]. But there is almost no information about crystallographic 
perfection of the grown crystals and basic defects.   
Only single crystals with high structural perfection allow a reliable assessment of the 
maximum power factor S2/ρ as the important contribution in the thermoelectric efficiency. In this 
section we report on results of Ru2Si3 single crystal growth by floating zone method with radiation 
heating including a detailed description of the growth characteristics and crystal perfection. 
Furthermore, selected transport measurements have been carried out in order to characterize the 
thermoelectric performance of the crystals. 
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2.  Experimental  
 
The floating zone technique with radiation heating was employed for Ru2Si3 single crystal 
growth. Due to the very small conductivity of this semiconducting material the application of radio 
frequency (RF) heating was not successful. 
 
2.1.  Feed rod preparation 
 
Ru (99.95%, Goodfellow) and Si pieces (99.999%, Alfa Aesar) were used as starting 
materials. They were weighted in desired ratio and melted together in an arc-melting furnace on a 
water cooled copper plate under purified Ar atmosphere to produce two batches with compositions 
56at% Ru – 44at% Si (RuSi - Ru2Si3 eutectic composition) as an electrically conducting bulk 
material and silicon to have in sum the desired composition. This procedure similar to those 
described in [205] was necessary for remelting the material in a RF heated Hukin-type cold 
crucible and casting the material to a polycrystalline feed rod 6.3 mm in diameter and about 80 mm 
in length. 
 
2.2.  Crystal growth 
 
The crystal growth process was performed in a laboratory type apparatus URN-2ZM for 
FZ crystal growth with radiation heating.  
Ru2Si3 is supposed to be a congruent melting material. The solidification behaviour and the 
coexistent phases within the Ru-Si system have been revealed up to a maximum temperature of 
1800° C by employing a DTA analysis, optical metallography and electron probe microanalysis of 
polycrystalline samples of various compositions. The results obtained coincide with published 
data [2]. 
The growth process was performed in purified Ar with gas flow about 8 l/h. As a seed 
polycrystalline samples or oriented single crystals from a previous run were used. The growth 
parameters were following: growth rate – 10 mm/h, feed rod and crystal were moved at the same 
speed downwards, rotation rates were 10 and 45 rpm in opposite directions for feed and crystal, 
respectively. The growth processes were stable all the time without visible fluctuations of the shape 
of the molten zone. No solid particles in the melt due to admixture or possible contamination with 
oxygen were observed. At the end of the growth process the input light power was rapidly reduced 
up to a level enabling the solidification of the molten zone and then slowly decreased for further 2 
hours to reduce internal thermal stresses in the grown crystal. 
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Fig. 4.11.   Single crystal of Ru2Si3 grown by FZ technique with optical heating.  
A typical as grown crystal is shown in Fig. 4.11. The crystals have a cylindrical shape up to 
7 mm diameter and about 40 mm length. The neck is favourable to eliminate undesired grains 
especially after seeding on a polycrystalline rod. A slight faceting was observed at the surface of 
the grown crystals. No preferred orientation was found when polycrystalline samples were used as 
a seed.  
101
 
 
 
 
 
 
Fig. 4.12.   Laue picture for the cross-
section of the FZ grown Ru2Si3 crystal. 
 
 
3.  Results and discussion 
 
From the grown crystals different samples were cut along and perpendicular to the growth 
direction and polished to investigate the crystallographic perfection and thermoelectric properties 
of the ones. The frozen floating zone was cut along the growth direction and polished for analysis 
of the microstructure, composition and shape of the solid-liquid interfaces.  
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3.1.  Crystal structure and defects 
 
The X-ray and metallographic investigations permit the conclusion that all samples are 
single crystalline and have a good crystallographic perfection. That is demonstrated by Laue 
images in which no splitting of the diffraction spots due to twinning was found (see Fig. 4.12). 
XRD measurements of the as-grown single crystals display a single phase material with an 
orthorhombic structure and lattice parameters a = 1.1074 nm, b = 0.8957 nm, c = 0.5533 nm, which 
are close to those from the literature [199] . No another phase except Ru2Si3 was detected.  
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Fig. 4.13.  Metallographic section of the region near 
solid-liquid interface after freezing of the molten 
zone. Crystallographically oriented plate-like 
inclusions of Si are observed. 
 
A longitudinal cross-section of the frozen floating zone and the grown crystal is presented 
in Fig. 4.13. The grown crystals display some cracks and plate-like inclusions of a second phase 
about 0,5 - 2 µm thick. By more detailed studies the inclusions were identified as Si plates oriented 
along the principle crystallographic directions of the Ru2Si3 lattice. They are not perpendicular to 
the solidification front and therefore, it is very improbable that they have precipitated directly from 
the melt as a result of supercooling in front of solid-liquid interface. It is more reasonable that they 
are precipitated from the solid state during cooling. After an annealing of the sample in evacuated 
and sealed quartz tube at 1000°C for 24h followed by quenching in water the Si inclusions 
disappeared (see Fig. 4.14a, b). This confirms the precipitation at temperatures < 1000°C. A 
variation of the feed rod composition into both Si-rich or Ru-rich directions from Ru41Si59 to 
Ru39Si61 gave rise to the same results. Increasing Si contents of feed rods resulted in larger amounts 
of the precipitates in the crystal. In the frozen last zone traces of Si were detected. For Ru-rich feed 
rod compositions the fraction of Si inclusions was reduced and traces of RuSi phase in the last zone 
have been observed. The Si inclusions in as grown crystals could not be prevented by changing the 
feed rod composition due to the neighbouring of the RuSi - Ru2Si3 eutectic (only 20°C lower then 
Ru2Si3 melting temperature). Already for a Ru40.5Si59.5 feed composition due to accumulation of Ru 
in the molten zone very strong constitutional supercooling and RiSi phase precipitates in the crystal 
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arise. From our results we could refine the Ru-Si phase diagram supposing the presence of a 
temperature dependent homogeneity region of Ru2Si3 at high temperatures, Fig. 4.15. 
Si plate-like inclusion
a) b)
Ru2Si3 Ru2Si320 µm20 µm
 
Fig. 4.14.   Si plate like inclusion in Ru2Si3 as grown crystal (a) and after heat treatment (1000°C, 24h) with 
subsequent quenching (b). 
The analysis of crack pattern let us conclude that most of the cracks were formed after the 
Si precipitates had been generated. Sometimes plate-like Si inclusions were observed to have a 
cross section with the cracks. That is only possible if the cracks would form after precipitation of 
Si. Otherwise, the Si inclusions would end in the cracks. Therefore, it can be concluded that most 
of the cracks result from internal stresses due to Si precipitation in the Ru2Si3 matrix. 
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Fig. 4.15.   Part of the Ru-Si phase 
diagram in the Ru2Si3 region. There is a 
solubility region of Si in Ru2Si3 at high 
temperatures. 
 
We could assume that similar results but in more extents was likely observed by others 
authors [196, 201, 202] in Ru2Si3 single crystals grown by Bridgman-like techniques in a two-zone 
furnace. But in this case boron rich plate-like inclusions as main defects are playing the same role 
as Si inclusions in FZ grown crystals. If those crystals were slowly cooled after crystallization the 
grown samples exhibited a large amount of cracks and no transport measurements were possible. 
But if the furnace was taken off immediately after growth process single crystals with improved 
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quality were obtained [196]. This phenomenon could be connected with a quenching of the high 
temperature composition of Ru2Si3 crystals and a reduced fraction of precipitates resulting in much 
less stressed and cracked crystals. 
 
3.2. Transport properties 
 
The resistivity and the Seebeck coefficient have been measured in the temperature range 
100 K ≤ T ≤ 900 K, whereas the Hall coefficient was measured between room temperature and 580 
K in a magnetic field B ranging from 0 to 5 T. 
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Fig. 4.16.   Temperature dependence of resistivity 
for Ru2Si3 single crystals. 
  
Resistivity. The resistivity of the undoped crystals shows the characteristic 
semiconducting behaviour, i.e. an exponential increase with decreasing temperature, Fig. 4.16. The 
temperature dependence can be subdivided into four regions: (I) 100 K ≤ T ≤ 210 K low-
temperature range with mixed activated conductivity, (II) 210 K ≤ T ≤ 300 K extrinsic conductivity 
with an activation energy of EA = 39 meV, (III) 300 K ≤ T ≤ 590 K transition region (depletion 
case), (IV) 590 K ≤ T ≤ 900 K intrinsic conductivity range with a band gap of Eg ≈ 0.95 eV. The 
resistivity is relatively high with a room temperature value of 22 Ωcm (the maximum resistivity 
value reported for Ru2Si3 single crystals was 5 Ωcm  [196]).  This indicates a nearly stoichiometric 
composition of the crystals. The onset of intrinsic conductivity at 590 K is a relatively low value 
for refractory wide gap silicides confirming the high quality of the crystals. Nevertheless, although 
no intentional doping was carried out a impurity level could be clearly identified. This doping level 
may be generated by contamination in the starting materials or a small deviation from the strict 
stoichiometry.  
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Seebeck coefficient. By means of thermoelectric power measurements, in principle, it is 
possible to identify the type of conductivity of a semiconducting material. However, in the present 
case the Seebeck coefficient changes in sign in the temperature interval investigated (see Fig. 4.17). 
That means that in the grown crystals both kinds of carriers, holes and electrons are present. 
Obviously, none of them predominates by its level of carrier density and mobility. In the case of 
two carrier types, the temperature dependence of the thermoelectric power S(T) of a non-
degenerated semiconductor can be written as [207]: 
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where k- Boltzmann constant, σ - the electrical conductivity, n, p – the carrier 
concentration of electrons and holes, respectively, µn,p – the carrier mobility, A – a constant 
depending on the scattering mechanism, mn,p* - the effective mass of the carriers and h – Planck 
constant. As seen from the equation (1) the thermoelectric power as function of temperature can 
pass through zero. The temperature of this zero passage is determined by the carrier density and 
mobility and their inner relation as well as the predominant scattering mechanism. In the 
experiments n-type conductivity was found below 540 K whereas p-type conductivity 
predominates above this temperature.  
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Fig. 4.17.   Temperature dependence of 
Seebeck coefficient for Ru2Si3 single crystals. 
The n-type region is subdivided into three different intervals: (I) 100 K ≤ T ≤ 210 K: the 
thermoelectric power decreases with increasing temperature caused by the depletion of various 
low-temperature donor levels, (II) 210 K ≤ T ≤ 400 K: the donor level with the activation energy 
EA =39 meV is activated and dominates the thermoelectric behaviour, the thermoelectric power 
increases and reaches a maximum at 400 K, (III) 400 K ≤ T ≤ 540 K: starting at 400 K the 
influence of the donors is regressive but, at the same time acceptor centres are ionized 
compensating the electrons as charge carriers completely.  
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In the p-type region different intervals can also be distinguished: (I) 540 K ≤ T ≤ 745 K: 
holes determine the transport behaviour. Due to the higher density and mobility of the holes in 
comparison with the electrons the Seebeck coefficient is enhanced with increasing temperature. At 
T = 745 K the Seebeck coefficient reaches its maximum value of 300 µV/K. (II) 745 K ≤ T ≤ 900 
K: with the onset of the intrinsic electronic transport observed in the resistivity measurements at 
590 K the effect of the extrinsic charge carriers becomes lower. Above 745 K all charge carriers 
must be injected from the valence band, decreasing the thermoelectric power. 
 
Hall coefficient.    In order to determine parameters of the charge carrier Hall 
measurements were carried out. As a rule, an isotropic semiconductor with a parabolic dispersion 
exhibits the normal (transversal) Hall effect characterized by a linear dependence of the Hall 
voltage vs. magnetic field. Deviations from the linearity are observed in the case of the planar or 
anomalous Hall effect. In that case Hall voltage follows e.g. a quadratic function of the field due to 
additional in-plane magnetic field components. In our case the magnetic field dependences of 
Hall’s voltage measured for various discrete temperatures in the interval 300 K ≤ T ≤ 580 K is 
linear, therefore the standard single-band formalism is used for the determination of the carrier 
density and mobility. However, the conduction type can only be determined from the sign of the 
Hall voltage in the case of predominance of one charge carrier type, electrons (n≫ p) or holes (n 
≪ p). 
The observed feature of the thermopower has shown that the predominant role of one type 
of carriers is only observed at the lower and the upper end of the temperature range investigated. 
Therefore, also the Hall voltage should change its sign in analogy to the thermoelectric power. The 
Hall resistance of a non-degenerated semiconductor in the presence of two carrier types can be 
written as: 
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scattering mechanism: s = -1/2 scattering on acoustic phonons, s = 0 polar optical scattering at 
medium temperatures, s = 3/2 scattering on ionized defects. From equation (2) it follows that the 
change of sign will take place at 
22
pn pn µµ = .      (3)  
That is, comparing the equations (1) and (3) we find that thermoelectric power and Hall 
voltage can change their sign at different temperatures as it is found in our measurements.  
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From Hall measurements the crystals were found to be of p-type conductivity 
predominantly. A change of sign in the Hall coefficient UH/B is only observed in the vicinity of 
room temperature what needs further confirmation by low-temperature measurements.  
On the basis of the simple formula RHp ≈ 1/ep, which is valid for defect semiconductors 
with one type of charge carriers, we find out inverse behaviour of Hall resistivity and carrier 
density illustrated by the Fig. 4.18a and exhibiting an extreme value at 480 K. On both sides of this 
extreme value the hole density increases. The position of the minimum in the carrier density is in 
correlation with the onset of the abrupt change in the thermoelectric power, Fig. 4.17. 
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Fig. 4.18.   Temperature dependence of the carrier density (a) and the carrier mobility (b) for Ru2Si3 crystals.  
The hole mobility calculated from the Hall data as a function of temperature shows a T 3/2 -
 behaviour indicating a predominant scattering of carriers at ionized impurities (see Fig. 4.18b). 
The complete absence of acoustic phonon scattering allows the conclusion that point defects in the 
crystals dominate the intrinsic electronic properties. Therefore, further improvements of the crystal 
perfection are desired.  
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Chapter 5       
  
 
Crystal growth of dielectric refractive oxides 
 
 
FZ Growth of High-Quality SrTiO3 Single Crystals 
 
1.  Motivation. 
 
Since SrTiO3 crystals were first grown by Leon Merker in 1955 [208, 209] there is a great 
interest for this material, which is widely used for substrates, optical and many other scientific and 
technical applications. At room temperature SrTiO3 is a transparent crystal with perovskite-type 
structure Pm3m and lattice parameter a=0.9304 nm. A wide variety of crystal growth techniques 
including Verneuil [209-213], travelling heater method [214], floating zone growth [215, 216], 
hydrothermal growth [217], Czochralski pulling from skull [218], solidification of a skull melt 
[219, 220] and flux methods [221, 222] were used and intensively studied for the preparation of 
crystals with large dimensions and high structural perfection. Because of the high melting point of 
SrTiO3 (about 2040°C [223]) there are problems caused by very strong chemical activity of the 
melt in crystal growth from the melt using container methods. Strong supercooling of the melt 
during the growth process is another difficulty. The most perfect single crystals were obtained by 
the solution growth method but their dimensions do not exceed 3 – 5 mm.  The commonly 
employed technique for commercial production of strontium titanate with large diameter is the 
Verneuil method. However, internal stresses, subgrain boundaries and high dislocation densities are 
common to these crystals because of the technology features.  
There are only a few studies of perfection of the grown SrTiO3 crystals [212, 224, 225] and 
to our knowledge there is no detailed description of perfection and defects in floating zone grown 
SrTiO3 crystals. Here the results for SrTiO3 single crystals grown with diameters up to 20 mm by 
the floating zone technique with optical heating are presented. The features of the growth process, 
encountered defects in the as grown crystals and the relationship between the crystal perfection and 
growth parameters are described in detail. 
 
 
 
 
 
Chapter 5  Crystal growth of dielectric refractive oxides 
 
 
 103
2.   Experimental. 
 
2.1.  Growth configuration. 
 
The crystal growth runs were made on the floating zone equipment with radiation heating 
URN-2-ZM shown in Fig. 5.1a.  
Upper mirror
Camera Feed rod
Crystal
Xenon lamp
Lower mirror
Light Shutter
In-growth annealing
furnace
Thermocouple
Thermoinsulator
Seed
Thermocouple
Incident light
Gas filling system
Al2O3 ceramic tube
Feed rod
Molten zone
Crystal
Heating elements
Seed holder (Pt-Rh)
a) b)
 
Fig. 5.1.   Optical scheme of the arrangement for SrTiO3 single crystal growth (a) and scheme of the in-
growth annealing furnace (b). 
  
The key point for the growth of crack free and low stressed SrTiO3 single crystals with 
large diameter is an in-growth tube annealing furnace (see Fig. 5.1b) with ten separately controlled 
Pt-Rh or ceramic heating elements turned around an Al2O3 ceramic tube. This furnace with an 
average internal temperature up to 1600°C, measured by Pt-Rh(6-30%) thermocouple placed close 
to the growing crystal, reduces strongly the temperature gradients near the crystallization front and 
in the growing crystal and enables soft cooling of the grown crystal. That results in small residual 
stresses and a diminished crystal cracking. The growth processes proceed either in a flowing gas 
environment within the hermetically sealed gas chamber or, alternatively, at open air without a 
quartz tube between the melt and the mirrors. In the latter case larger crystal diameters are achieved 
for the same lamp power. The material evaporated from the melt does not corrode the mirrors due 
to large distance between the molten zone and the mirror surface.  
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Besides the average temperature and temperature distribution inside the in-growth 
annealing furnace the position of the furnace with respect to the focal point of the upper mirror is a 
decisive factor that governs crystal perfection. For a too high furnace position a large portion of the 
light is absorbed by furnace elements. For too low positions a discontinuity of the temperature 
gradient arises that dramatically deteriorates the crystal perfection.  
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Fig.5.2.    Simulation of the 
temperature distribution in a growing crystal 
in vertical direction and position of the in-
growth annealing furnace. A – without 
annealing furnace; B – with annealing 
furnace, positioned in a such way that the 
top edge was at the level of focal point of 
upper mirror and 1435°C average 
temperature inside;  C - top edge lower by 6 
mm then the focal point of the upper mirror. 
The maximal temperature at the alumina rod 
was 1820°C. (The arrow indicates the 
position 10 mm below the focal point.) 
 
For a quantitative estimate of the effect of an in-growth annealing furnace on the 
temperature distribution within the growing crystals, the axial temperature profiles in the furnace 
were determined for different average temperatures and positions of the furnace with respect to the 
focal point of the upper mirror. A hollow cylindrical alumina ceramic rod 8 mm in diameter was 
used to simulate a feed rod-crystal configuration. The temperature was measured by a Pt-Rh (6%-
30%) thermocouple inserted in the 3 mm diameter hole within this alumina rod. The temperature as 
a function of the axial position was measured by moving the rod with the thermocouple in the 
vertical direction. During the measurement the average temperature of the furnace was 1435°C and 
the temperature distribution in the furnace was related to the optimum growth conditions. Also the 
light power was adjusted to a level just below the melting point of the ceramic rod (about 1820°C). 
In Fig. 5.2 axial temperature distributions are shown without the in-growth annealing furnace (A) 
and with two different furnace positions with respect to the focal point of the upper mirror. The top 
edge of the furnace is in the optimal position (B) and   6 mm below this position (C). Temperature 
gradients are strongly influenced by the furnace temperature and position. The temperature 
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gradients at 10 mm below the upper focal point (arrow in Fig. 5.2) are 542 K/cm, 33 K/cm and –
 82 K/cm for the configurations A, B and C, respectively. Therefore, using the in-growth annealing 
furnace strongly diminishes the temperature gradients in growing crystals and, hence, the residual 
stresses. This should lead to improved perfection of FZ grown crystals. No crack-free SrTiO3 
crystals were obtained for furnace temperatures < 1000°C. 
 
2.2. Crystal growth 
 
The feed rods were prepared by standard ceramic routine. The starting materials SrCO3 and 
TiO2 of high purity (99.99%) or better were dried at 550°C for 4 h and mixed in the appropriate 
ratio in a ball mill. The mixture was synthesized at 1200°C for 7 h in air, sealed in a rubber tube 
and pressed under hydrostatic pressure of 2.5 ton/cm2 or mixed with the binder (polyvinyl alcohol) 
and pressed in a stainless steel die under 1.1 ton/cm2. The pressed bars were sintered in air at 
1400°C for 8 h. The ceramic rods obtained were 11-12 mm in diameter and 120-200 mm in length 
and density 80-90% with respect to the theoretical one. 
Single crystalline bars with dimensions 2 x 2 x 15 mm3 oriented into [001] or [011] 
crystallographic directions were used as seeds. The lower end of the feed rod was ground to obtain 
a cone shape with the angle about 45°. This procedure is required for improved seeding and the 
control of the molten zone volume during the initial period of crystal growth.   
The floating zone process was realized by simultaneous pulling of both feed rod and 
growing crystal downward into vertical direction. The crystal diameter desired is adjusted by the 
moving rates of feed rod and crystal. During the growth process the whole volume of the growing 
crystal was inside the ceramic tube of the in-growth annealing furnace. The molten zone with 
adjacent portions of grown crystal and feed rod is displayed on a monitor. At the end of the growth 
process the molten zone was quenched by switching-off the lamp power and the crystal was rapidly 
moved 10 mm down into the annealing furnace. The subsequent slow reduction of the furnace 
temperature with the rate of 50°C - 100°C/h was controlled automatically.  
 
3.   Results and discussions. 
 
3.1.   As grown crystals 
 
The grown crystals were crack-free cylindrical boules 15 – 20 mm in diameter and 40 –
 80 mm in length and oriented in [001] (as a rule) or [011] directions, which was defined by the 
seed orientation. Typical samples grown in air (Fig. 5.3) display 4 or 8 symmetrical facets oriented 
in basic crystallographic directions. As-grown crystals were transparent or of light-yellow to brown 
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color depending on growth conditions (for a fixed starting material). Slightly tinted crystals were 
grown in a protective Ar atmosphere or in air if higher temperature gradients are adjusted by in-
growth annealing furnace. Annealing in air at 1500°C for 12 – 24 hours did not result in an 
appreciable change in colour. Crystals annealed in a reducing atmosphere (10% H2 + 90% Ar) at 
950°C for 1 - 2 hours became colourless or slightly yellow with more than 30% transparency at 400 
nm wavelength for a 4 mm thick polished plate without antireflection coating.  However, crystals 
annealed in a reducing atmosphere for more than 4 hours at 1000°C became dark blue. Annealing 
or growth of the crystals in oxygen ( 0.2 to 0.5 MPa) atmosphere resulted in dark brown or black 
crystals. Chemical spectral analysis indicated small impurity levels of several ppm. Therefore, they 
may be excluded as a reason for the crystal colour observed. We can suppose that the oxygen 
content is responsible for the colour of crystals grown by floating zone technique. 
 
 
Fig. 5.3.   Photo of SrTiO3 crystals grown by floating zone technique with radiation heating and polished 
disks cut perpendicular and parallel to the [001]-growth axis. 
 
 
3.2. Optimum growth conditions 
 
 We have investigated the influence of growth parameters and the feed rod stoichiometry 
on the perfection of the grown SrTiO3 crystals with diameters from 15 to 20 mm. The following 
optimum growth conditions were determined from the sets of growth runs performed at various 
parameters: 
a) Ti/Sr ratios for the feed rod preparation of 0.998 to 1.000; 
b) growth rates of 7 - 8 mm/h; 
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c) crystal and feed rod rotation rates of  2 - 5 rpm and 50 - 80 rpm, respectively; 
d) position the top edge of the in-growth annealing furnace at 1-2 mm above the crystal-
melt growth interface and a furnace temperature of 1550 – 1600ºC 
Some of these conditions are mutually connected to each other. For example the optimum 
Ti/Sr ratio of the feed rod depends on the growth rate because of evaporation losses during the 
growth process.   
In order to reveal the connection between the growth parameters, the shape of the molten 
zone and the shape of the solid-liquid interface some admixtures with < 0.1 wt% such as Fe or Mn 
were added to the starting composition as colouring agents. The plates cut from the as-grown 
crystals parallel to the growth direction were polished and the striation pattern was studied in 
transmitted light. Also molten zones were quenched at various stages of the growth runs and the 
solid-liquid interface pattern was evaluated with the following results: 
At the cone (initial) part it was convex toward the melt. At the stationary growth regime 
the crystallization front had always a trapezoid shape with large upper base, which is flat or slightly 
convex. But in the initial and the end part of the boule it is flat or slightly concave. This trapezoid 
interface in floating zone growth of oxide materials has been attributed to the radial heat flux and 
the presence of different conventional flows in the molten zone [226]. For example, the Marangoni 
flow near the free zone surface directed to the growing interface is responsible for the lateral facets 
of the trapezoid interface, but natural and forced convection are dominant in the central part of the 
zone. Typical parameters of the floating zone related to the growth of SrTiO3 crystals were: zone 
length at the free surface of 8.3 – 8.8 mm, zone neck diameter of 9.0 – 9.5 mm a crystal diameter of 
16 mm and a feed rod diameter of 12 mm. 
Mass losses due to evaporation from the molten zone were investigated after the growth 
process. The precipitated powder was accurately collected in the closed gas chamber with air or Ar 
atmosphere, weighted and its chemical composition was determined. The result indicated that the 
evaporating material was SrO of about 0.15 - 0.3 wt% with respect of grown crystal mass. There 
was no large difference between evaporation losses in Ar or air and for different excess of SrO or 
TiO2 in a feed rod. 
 
3.3. Crystal structure perfection. 
 
The crystal structure has been investigated by X-ray angular θ-2θ scanning topography. 
Examples of X-ray topograms and corresponding rocking curves for the [001]-grown SrTiO3 
crystals are presented in Fig. 5.4 and Fig. 5.5, respectively: for (001)- oriented disks cut from an 
initial part of a boule (see Fig. 5.4a), from the middle and the end parts of the same boule (see 
Fig. 5.4b, c) with appropriate rocking curves (see Fig. 5.5a) and also for a (110)- oriented plate cut 
along the growth axis Fig. 5.4d with the corresponding rocking curves Fig. 5.5b. The rocking 
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curves in Fig. 5.5 were recorded between the disk center and its edge.  The slit 1 with dimensions 
0.2 x 0.2 mm2 was chosen for single grain curve recording attributed to the grain-free crystal. 
Dislocations densities of (1–5) x 105 cm-2 were determined by etch pits counting after selective 
etching of polished plates. The slit 2 with the dimensions 0.5 x 7 mm2 was chosen to observe 
subgrain misorientation throughout the crystal. Rocking curves of Fig. 5.5b were recorded at the 
center of the (110)-plate for the slit parallel to [1-10]. 
The examples of the x-ray measurements were typical for representative selection of 
various crystal samples: 16 disks (001)-oriented and 4 plates (110)-oriented.  The x-ray diffraction 
data indicate that the crystals investigated were of high structural perfection. The topogram images 
reproduce the sample shape and there are only a few subgrains with misorientation less than 1-2’. 
The subgrain boundaries were seen as light and dark lines, which display the real form of the actual 
grain boundaries but the line width was representative for the angular misorientation between the 
subgrains. 
The following types of defects were observed in the x-ray topograms of slices cut 
perpendicular to the [001]-growth axis of SrTiO3 crystals: 
1) Single detached formless subgrains (marked as “A” in Fig. 5.4a) in the peripheral part of 
the crystals. These are observed to be generated at the cone part of the crystals with misorientations 
of 10’-50’ and disappear at the stationary growth regime (Fig. 5.4b, c).   
2) Straight boundaries of thin structure seen as horizontal and vertical weak contrast lines 
parallel to <100> with misorientation << 1´ (marked as “B” in Fig. 5.4b, c). That is the common 
case for a stationary growth regime. 
Despite the visible thin defect structure shown by the sensitive method of x-ray topography 
this does not influence appreciably on the rocking curve width Fig. 5.5a. This was tested for 
various regions of the slice shown in Fig. 5.4b with rocking curve records with the slit 0.2x0.2 mm2 
(Slit 1). The curve width was in the range of 25” – 40” and the same scattering was observed for 
other slices that have not revealed an analogous thin structure.  
The topogram of a longitudinal (110)-oriented slice cut from the same crystal demonstrates 
structural perfection along the boule Fig. 5.4d. Only a few subgrain boundaries with misorientation 
< 2´ in the body of the boule (marked as “C”) were observed.  At the peripheral area nonuniform 
broken lines characterize the subgrain boundary structure at the surface of the grown crystal. 
Therefore, defects are mainly in the thin peripheral region and straightened preferably along the 
growth axis. 
The subgrain misorientation in the centre is about 65” as deduced from Fig. 5.5b (Slit 2) 
and the rocking curve recorded at the same point (inside one grain) with the small slit (Slit 1) had 
27’’ width.  Almost the same data were obtained for perpendicular slit geometry, which means that 
both misorientation at the growth axis [001] and at [110] axis are the same for this boule and are 
very close to the subgrains misorientation for (001)-oriented slice of the same boule. 
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Fig. 5.4.   X-ray q-2q scanning topograms of a [001] grown SrTiO3 crystal: 
a) - (001)-oriented disk cut from the initial part of the boule, (004) reflection; A - detached formless 
subgrains in the peripheral part of the crystals. 
b), c) - (001)-oriented disks cut from the middle and the end part of the same boule, respectively, (004) 
reflection; B - straight boundaries of thin structure seen as horizontal and vertical weak-contrast lines parallel 
to <100> with misorientation << 1´. 
d) - (110)-oriented plate cut from the end part of the boule, (330) reflection; C - subgrain boundaries directed 
preferably along the growing axis with misorientation < 2´. 
 
The results for [110]-grown boules proved the inferior quality: (110)-cut disks 
perpendicular to the growth axis revealed higher misorientation up to 10’ – 100’ in comparison 
with 1’- 2’ for plates cut from a [001]-grown boule. The same difference has been observed for 
(111)-oriented plates cut from [111]-grown and [110]-grown boules. 
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Fig. 5.5.   Rocking curves of a [001] grown SrTiO3 crystal: 
a) (001)-oriented disks (Fig. 5.4b); recorded for (002) reflection. 
b) (110)-oriented disks (Fig. 5.4d); recorded for (110) reflection.  
Slit 1 – (0.2 x 0.2) mm2, Slit 2 – (0.5 x 7) mm2 perpendicular to the [100]- growth axis. 
 
The main factors affecting the subgrain misorientation are the position of the in-growth 
annealing furnace and the purity of the initial components. Shifting the furnace position 2 mm 
lower then the optimum one resulted in increase of the subgrain misorientation from 2’ to 12’.  
Whereas, inferior purity of the staring materials by admixtures of Cr, Fe, Co, Si, Al and Zr with 
levels up to 1x 10-2  wt% or the use of SrCO3 with Ba or Ca contents up to (2-5)x10-2 wt% resulted 
in a rise of misorientation only from 2’ to 4’- 6’. 
 
 
 
 
Fig. 5.6.   CuKα doublet diffraction steps 
image (with 1° steps and about 10' distance 
between the α1-α2 lines), (004) reflection. 
 
Fig. 5.6 demonstrates the structural perfection of a slice cut perpendicular to the [001]-
growth axis. The bright straight stripes are the reflections of the CuKα doublet with λ = 0.1540 nm 
and 0.1544 nm for four different positions of the incident x-ray beam with a 1º step.  The distance 
between the lines in the figure is about 10’.  The curvature of the lines corresponds to the distortion 
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of the crystallographic orientations across the whole crystal cross-section (recording geometry - 16 
mm diameter sample placed at 180 mm distance from the point source) and the line distortion is 
very small and corresponds to less than 3’ for most of the crystal section. 
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SrZrO3 single crystal growth by FZ technique with optical 
heating 
 
1.  Motivation. 
 
SrZrO3 belongs to the zirconates studied most intensively. First investigations were 
connected with a potential use in MHD generators [227, 228] and as a prospective dielectric 
material [229]. Later on, after discovery of high temperature protonic conductivity by Iwahara et al. 
[203, 231] in some perovskite oxides such as SrZrO3 and SrCeO3 doped with a few mol% trivalent 
cations of Y, Yb, Sc the investigations of SrZrO3 were performed in this direction [232-235]. The 
recent interest to SrZrO3 is due to searching for new gate materials with high dielectric constants, 
low interface density and good thermal stability to replace SiO2 conventionally used in 
microelectronics. Furthermore, there is also some interest for using SrZrO3 single crystals as 
substrate material and laser matrix. 
Although the first variant of phase diagrams were published by H. von Wartenberg in 1930 
[236] there are large discrepancies in the phase diagrams of the SrO-ZrO2 system reported up to 
now. The data presented in literature are often contradictory [228, 237, 238] and there is no clear 
description of all the compounds of this system. This is mainly due to the very high melting 
temperatures of the compounds (2650°C ± 20° for SrZrO3) [228, 237] 
Concerning the crystal structure of SrZrO3 there are different opinions. It is generally 
believed that SrZrO3 is orthorhombic at room temperature (space group D162h – Pnma) [239, 240]. 
But in some papers an cubic cell is reported [242]. Other authors pointed out that “true” SrZrO3 
exhibits a cubic structure, but the crystal structure is very sensitive to lattice defects caused by 
impurities, small deviations from the nominal stochiometric composition or changes in synthesis 
temperatures which could result in different crystal structures and phase transitions. [243] 
In the range 700º – 1200ºC the SrZrO3 perovskite lattice has three structural 
transformations [240, 241]. At high temperatures there is only a cubic and at low temperatures an 
orthorhombic modification of the perovskite unit cell. In the intermediate region two tetragonal 
phases with c/a >1 and c/a < 1 were reported. But the references [237, 239, 240] provide different 
temperatures of these phase transitions. No data of the SrZrO3 structure at temperatures beyond 
1200°C are provided. 
Most studies of SrZrO3 properties were carried out on ceramic samples and powders [244]. 
Smaller crystals (less than 3 mm in size) were grown by FZ techniques with radiation heating [232-
235, 245, 246] or by freezing of molten regions in a solar furnaces [237, 247]. Only little 
information is provided about crystal quality, nature of defects of the grown crystals and features of 
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the growth processes. The relatively small crystal size allowed only incomplete characterization of 
the properties of this compound. Because of its practical interest as laser, dielectric, proton 
conductor and substrate materials, respectively, large single crystals with high perfection are 
required. 
In this paper we report features of the growth process of bulk SrZrO3 crystals 5 mm in 
diameter and 40 mm in length by floating zone technique with radiation heating and selected 
properties of the grown crystals. 
 
 
2.  Experimental and results. 
 
For preparation of feed rods for the FZ growth process SrCO3 (99.99%), and ZrO2 
(99.95%) were used as starting materials. They were preliminary dried at 500ºC for 4 h, ground, 
weighted to a prescribed ratio and mixed in a ball mill for 5 h. Then the mixture was fired at 
1350ºC for 12 h in air. The X-ray powder diffraction analysis for stochiometric composition 
showed no other phases except SrZrO3. The synthesized compound was ground again, pressed into 
cylindrical rods 5 mm in diameter and 70 mm in length at pressure 110 MPa and sintered in air at 
1420ºC for 10 h. 
The crystal growth process was performed on the apparatus URN-2ZM with optical 
heating. The growth atmosphere was air. In order to investigate the quality of the grown crystals as 
function of feed rod composition and growth conditions a variety of parameter sets were realized. 
The crystal growth process was performed at pulling rates 5 – 65 mm/h with seed crystal and feed 
rod rotation at 3–100 rpm and 3–25 rpm, respectively. 
As a seed for FZ growth dense ceramic samples of the same composition or oriented ingots 
cut from previously grown crystals were used. In the case of seeding on ceramic samples the 
SrZrO3 rod became single crystalline after 8-10 mm grown length using a neck diameter less then 2 
mm. For seeding on ceramic ingots preferred orientations of grown crystals were found. By X-ray 
methods it was revealed that the predominant crystal axis orientations were near [110] or [100] of 
the perovskite unit cell. Facets at the external surface of the grown crystals were observed and 
characterized by two bright symmetrical planes parallel to (001) planes for [110] growth axis. 
The growth process is accompanied by a visible evaporation of a volatile component from 
the molten zone. The chemical analysis of evaporated materials showed a SrO composition in 
accordance with published evaporation rates of oxides of a SrZrO3 melt [228]. An excess of SrCO3 
was added to the feed rod material to compensate the evaporation losses. The mass of evaporated 
SrO depends on the pulling rate mainly, but also on the dimensions of the molten zone and excess 
of SrO in the feed rods. The optimum ratio of Sr/Zr ≈1.07 in the feed rod material was found for 
Chapter 5  Crystal growth of dielectric refractive oxides 
 
 
 114
the optimum growth parameters mentioned below. For higher values traces of a second phase in the 
grown crystals were detected and the crystal transparency degraded. 
An instability of the molten zone was observed at growth rates lower than 30 mm/h. Under 
these conditions it was very difficult to maintain a constant diameter of the growing crystal. The 
zone length increased even at constant heating and fixed growth parameters. This led to progressive 
reduction of the diameter of the molten zone, which finally collapsed. An increase of the Sr/Zr ratio 
in the feed rod up to 1.10 slightly improves the situation but leads to less transparent crystals 
(second phase inclusions). 
Crystals grown at rates < 30 mm/h displayed large strains and as a result numerous cracks. 
They were directed mainly parallel to (100) planes with distances about 1-2 mm between each 
other. The cracks likely result from structural phase transitions between 700°C and 1200°C 
although no heat effects were detected by DTA analysis of as-grown crystals. 
An increase of the pulling rate up to 60 mm/h improves the molten zone stability and 
allows the growth of colourless transparent crystals up to 40mm in length and 5 mm in diameter 
which are crack free in most parts (Fig. 5.7). The as-grown crystals are covered with a thin opaque 
layer of ZrO2-rich material. The appearance of this layer was believed to result from non-
equilibrium growth conditions near surface of the grown crystal due to strong evaporation of SrO.  
10 mm
 
Fig. 5.7.   SrZrO3 single crystals grown by FZ technique. The as grown crystals are covered with a thin 
opaque layer of ZrO2-rich composition. 
At higher pulling rates of 67 mm/h the crystals exhibit inclusions and are less transparent. 
Pulling rates larger 70 mm/h were not supposed to improve crystal perfection and accordingly not 
considered. 
The quality of the grown crystals strongly depend on feed rod and crystal rotation rates, 
respectively. The rotation rate was maintained < 10 rpm for stable melting of the feed rod material. 
Optimum crystal rotation rate was found to be about 5-10 rpm. Increasing the crystal rotation rate 
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beyond 25 rpm the crystal grew in a non-axisymmetric manner especially for orientations different 
from <100> or <110> directions, which resulted in a dramatic degradation of the crystal quality. 
The effect of the growth rate on the stability of the molten zone and crystal quality is not 
completely understood so far and needs further studies. Similar effect was observed at FZ growth 
of Y2O3 single crystals [248] and may be attributed to a atomically smooth growth resulting in 
strong faceting of the solid-liquid interface of the growing crystal. An increase of the growth rate 
leads to interface roughening and reduces the interface undercooling. 
The growth parameters listed in Table 5.1 are considered to be optimum for growing 
transparent crack-free SrZrO3 single crystals. 
 
Growth conditions  
Sr/Zr ratio in feed rod 1,07 
Growing rate 55 mm / h 
Crystal rotation 8  rpm 
Feed rod rotation 5 rpm 
Ambient Air 
Crystal diameter 5 mm  
Table 5.1.   Optimum growth parameters for growing transparent crack-free SrZrO3 single crystals. 
 
3.   Characterization of the crystals. 
 
 
 
 
 
 
Fig. 5.8.   Laue diagram of SrZrO3 single crystal 
grown in [001] direction. 
 
The X-ray diffraction data permit the conclusion that grown crystals belong to the 
orthorhombic Pbnm symmetry, Z = 4. The lattice parameters of various single crystals are very 
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similar. Their average values are:  a = 5.800(2) Å, b = 5.822(2) Å, c = 8.205(4) Å. They are close 
to those published in literature [239]. 
 
A  
 
 
 
Fig. 5.9.   SEM micrograph of SrZrO3 
single crystal cross section near the outer 
crystal surface. 
 
The crystallographic perfection of the grown crystals was studied with X-ray Laue 
technique. A sample of a Laue diagram recorded from plates cut perpendicular to the growth 
direction of a crystal is shown in Fig. 5.8. It corresponds well to the Laue pattern of a (001) plane 
obtained by a simple computer simulation. X-ray powder diffraction analysis of the crystals 
showed reflections of SrZrO3 exclusively. By optical microscopy and analytical electron 
microscopy inclusions of a second phase at the outer surface of the grown crystals (Fig. 5.9) were 
detected representing the SrO-depleted eutectic of SrZrO3 + ZrO2. We consider this as a result of 
SrO evaporation from the molten zone. 
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Fig. 5.10.   Transmission spectrum of a 
SrZrO3 crystal. The transmission 
window is located in a range from 0.28 
to 7.7 µm. The anomalous behaviour 
of the plot at 2.8 µm is likely results 
from a change of a detector.  
 
The optical absorption of SrZrO3 crystals presented in Fig. 5.10 was recorded with a 
spectral photometer Perkin Elmer Lambda-900 in a range of 200 – 2500 nm and with a Fourier 
spectrometer IFS-113v in a range of 2 – 10 µm. The transmission window is located in a range 
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from 0.28 to 7.7 µm at the level exceeding half of the maximum value. Inside this window the 
transparency is at an almost constant level. The anomalous behaviour of the plot at 2.8 µm likely 
results from a change of a detector. The blue limit of the spectrum confirms the dielectric nature of 
the conductivity of SrZrO3. 
The dielectric constant was measured using a Solartron SI 1260 Impedance/Gain-Phase 
Analyzer at a frequency 1 kHz in a temperature range between 10 K and 300 K by cooling at a 
constant rate of 1 K/min. The temperature dependence of the real part of the dielectric constant is 
presented in Fig. 5.11. In a SrZrO3 single crystalline sample the dielectric constant as a function of 
temperature resembles ordinary dielectrics with a positive slope of dε/dT = 5.2 x 10-3 and equals to 
ε = 30.4 at room temperature. 
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Fig. 5.11.   Temperature dependence 
of the real part e of the dielectric 
constant of a SrZrO3 crystal. 
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Summary 
 
In this work the crystal growth of three different classes of materials with completely 
different physical properties was studied: intermetallic compounds with superconducting 
(YNi2B2C, HoNi2B2C and MgB2) and nonsuperconducting properties (LiBC and TbNi2B2C); metal 
silicides showing interesting and promising magnetic and thermoelectric properties (CeSi2-δ and 
Ru2Si3); refractive oxides (SrTiO3 and SrZrO3) with dielectric behaviour. FZ techniques with RF 
induction and optical heating (in FZ and TSFZ regimes) and flux techniques were used for crystal 
growth. Different physical, chemical and thermodynamic properties at high temperatures of the 
compounds and their melts supposed a different growth strategy in the synthesis of the materials. 
The greatest attention was paid to the perfection and purity of the  grown crystals. 
 Single crystals of YNi2B2C, TbNi2B2C and HoNi2B2C with dimensions 6 mm in diameter 
and 30–50 mm in length have been grown by FZ technique with optical heating (TSFZ regime). 
The crystals are crack free, show no traces of a 2nd phase and are single crystalline in the whole 
volume of the sample with a subgrain misorientation less than 0.45°, as was revealed by neutron 
diffraction technique. The superconducting properties show the best characteristics reported up to 
now. For instance, for the YNi2B2C crystals the width of superconducting transition is about 0.1 K 
and a residual resistivity ratio of 39 has been derived.  
The shape and some features of the phase diagrams corresponding to RENi2B2C crystal 
growth (RE=Y, Tb, Ho, Dy) and appropriate forms of homogeneity regions of these compounds 
have been inferred from the precipitation behaviour. Some relations between the feed rod and the 
initial molten zone compositions, growth parameters, solid-liquid interface curvature and the 
formation of various defects in the grown crystals have been established. The crucial role of 
oxygen as an impurity in RENi2B2C melts and the presence of borothermic and carbothermic 
reactions reducing the oxygen contents at high temperatures have been revealed. Longitudinal and 
radial segregation phenomena of the composing elements and a corresponding variation of the 
superconducting properties were observed in the case of HoNi2B2C crystal growth. The presence of 
radial segregation suggests a noticeable convection flow patterns in the HoNi2B2C melts. 
Principal changes of the superconducting properties from plain superconductivity to re-
entrant and nonsuperconducting behaviour, as well as corresponding phase relations as a function 
of the exact composition variations with particular respect to the light elements, such as carbon and 
boron, have been detected in the HoNi2B2C system. Strong influence of the heat treatment of 
HoNi2B2C single crystalline samples on the superconducting properties was observed. Neutron 
diffraction studies of YNi2B2C, TbNi2B2C and HoNi2B2C single crystals with dimensions 6 x 6 x 
12–15 mm3 have revealed some features of nuclear and magnetic structures in these materials at 
low temperatures. 
The MgB2 compound has attracted much attention because of the high Tc ∼ 40 K. A new 
method is presented for growth of MgB2 crystals from Mg-Cu-B melt flux. Large solubility of > 20 
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at.% B in the Mg-Cu melt at temperatures > 1000°C, depending on flux composition, have been 
found.  First estimates of the ternary Mg-Cu-B phase diagram by thermodynamic calculations show 
the beneficial effect of Cu and elevated pressure on MgB2 phase formation. Unlike the binary Mg-
B system, MgB2 phase formation from the melt is enabled by reducing the liquidus temperature. 
From the analysis of Mg-Cu phases around MgB2 particles and the starting melt composition a 
rough estimate of MgB2 phase formation temperatures (between 780°C and 1000°C) can be 
inferred. The theoretically predicted phase separation phenomena in the Mg-rich region has been 
observed experimentally. Two different crystallization modes of MgB2, a peritectic reaction with 
MgB4 and primary growth of MgB2 particles from the melt, have been identified depending on the 
initial melt temperature and the flux composition. The maximum size of single crystals of 200 x 
200 x 50 µm3 for a flux composition Mg50Cu40B10 and T0 = 1050°C was achieved. MgO particles 
contained in the melt seem to be one of the limiting factors for crystallite size since they may act as 
seeds for MgB2 crystallization.   
So far the superconducting properties of MgB2 crystals can only be deduced from AC-
susceptibility measurements of Mg-Cu-B flux bars. The highest Tc = 39.2 K and a narrow transition 
width have been measured in the specimen containing peritectically formed MgB2 particles, which 
are assumed to be close to stoichiometric composition. The lower the liquidus temperature of 
primarily formed plate-like MgB2 single crystals the larger is the deviation from stoichiometry 
resulting in lower Tc and extended transition widths. This behaviour suggests a finite homogeneity 
range of the MgB2 compound.  
The LiBC compounds were synthesised from LixBC fluxes for a wide range of x = 0.5 to 
2.4 with particular emphasis to the formation of a Li-deficient phase, which is supposed to show 
superconductivity with transition temperature as high as 100 K. Lattice parameters and the unit cell 
volume depend on the Li content of the flux and indeed suggest a homogeneity region of the LiBC 
compound. Single-phase LiBC samples were only achieved for x = 1.25. They exhibit extrinsic 
semiconducting behaviour over a wide temperature interval of 2 to 300 K similar to doped and 
compensated semiconductors. Samples prepared from other flux compositions (x ≠ 1.25) display a 
smaller electrical resistivity and a tendency towards metallic behaviour which is attributed to the 
enhanced doping level. Attempts to prepare Li-deficient samples with superconducting properties 
by vacuum annealing failed. Both, resistivity and magnetization measurements do not hint any 
superconducting behaviour above 2 K. The present data do not allow to refute the theoretical 
prediction of superconducting properties in doped LiBC, because of the lack of an independent 
composition determination of the LiBC compound.  
Bulk single crystals of metal silicides CeSix and Ru2Si3 with dimensions up to 7 mm in 
diameter and up to 70 mm in length have been grown by the FZ technique. CeSix crystals with 
compositions in the range x=1.80 to 1.82 have a maximum melting temperature of 1715°C and 
display the best crystallographic perfection. The reason for this behaviour is attributed to congruent 
melting at this composition. For other compositions inclusions of second phases are observed, 
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notably CeSi or a Si-rich phase for x<1.80 and x>1.82, respectively. These precipitations can be 
dissolved in the crystal matrix by a heat treatment at 800-1000°C. Evidence supporting a crucial 
interplay of the oxygen content and single crystal perfection has been observed. The Si activity in 
the silicothermic reaction of the CeSix melt depends strongly on Si deficiency of the melt. The 
magnetization, specific heat and resistivity for CeSi1.81 shows that a strong anisotropy is the 
dominant feature of the ferromagnetic state. The magnetic properties are strongly reflected in the 
resistivity and specific heat consistent with previous work.  
The single crystals studied here were all found to have the orthorhombic α-GdSi2 crystal 
structure. This differs from polycrystalline samples discussed in the literature, which were reported 
to have the tetragonal α-ThSi2 crystal structure. From our results we infer that the binary Ce-Si 
binary phase diagram should be changed as follows: the melting point maximum of CeSix is at 
1715°C and positioned at x=1.80-1.82. This is different from previous published data: x=1.70 at 
1725°C or x=1.86 at 1620°C. Crystals at this composition crystallize in the orthorhombic α-GdSi2-
type structure. 
The Laue patterns of single crystals of ruthenium silicide Ru2Si3 also show no splitting and 
spot distortions due to twinning and high internal stresses. Plate-like crystallographically oriented 
silicon inclusions in the Ru2Si3 matrix are supposed to result from precipitation below 1000°C by a 
solid-state transformation during the cooling process. Annealing at 1000°C for 24 h with a 
subsequent quenching leads to dissolution of these precipitations. The study of mechanisms of 
defect generation enabled us to update the Ru-Si phase diagram assuming the presence of a 
temperature dependent homogeneous region of Ru2Si3 at high temperatures. Resistivity, Hall and 
Seebeck coefficients of Ru2Si3 single crystals show both n- and p-type conductivity in the 
thermoelectric power in the temperature interval 100-900 K. This is a perspective starting point for 
stabilization of n-type and p-type conductivity with a high Seebeck coefficient values by 
appropriate doping. The room temperature carrier concentration in undoped material is about 1018 
cm-3. The Hall mobility at room temperature is 2-3 cm2/V⋅s. The hole mobility calculated from the 
Hall data as a function of temperature shows a T3/2-behavior indicating a predominant scattering of 
carriers at ionized impurities. The complete absence of acoustic phonon scattering allows the 
conclusion that point defects in the crystals predominate the intrinsic lattice properties. The onset 
of intrinsic conductivity at 590 K indicates a relatively low value for refractory wideband gap 
silicides confirming the high quality of the crystals. 
Crack-free SrTiO3 single crystals can be grown by FZ technique with dimensions up to 20 
mm in diameter and 60 – 80 mm in length. The key factors for preparing the large high-quality 
SrTiO3 crystals are low temperature gradients in the grown crystal achieved by an in-growth 
annealing furnace and the stoichiometry and purity of initial materials. The light yellow to brown 
colour of as-grown crystals is probably due to variation in oxygen content. A change to colourless 
crystals is achieved by annealing in reducing atmosphere at about 1000°C for 1-2 hours. 
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Maximum subgrain misorientations were observed in the limit of 100’’ – 300’’. Typically, 
rocking curve widths of about 0.5’ and subgrain misorientation of about 2’were obtained through 
more than 1cm2 of boule cross-section. Dislocation densities of (1– 5) x 105 cm-2 were determined. 
SrZrO3 bulk single crystals with melting temperature about 2650°–2700ºC were grown by 
FZ technique with optical heating. The crystals are transparent, colourless, cylindrical rods of 5 
mm in diameter and 40 mm in length, which are crack free in most part. Because of the high 
melting temperature of SrZrO3 and high evaporation rate of volatile components from the molten 
zone there are specific requirements to the growth technique. 
The challenges of the growth process of this compound were: (i) instability of the crystal 
growth at slow growth rates (< 30 mm/h), (ii) composition changes of the molten zone during the 
growth due to evaporation of SrO and (iii) non-axisymmetric growth at high crystal rotation rates 
(> 25 rpm). Different from SrTiO3 no crystals afterheating was necessary during the growth 
process. In view of the fact that grown SrZrO3 single crystals have shown a large area of 
transmittance, a respectively high dielectric constant (ε ∼ 30) and favourable thermal stability 
suggests utilization as laser matrix, dielectric material for microelectronics and substrate material. 
 
The basic principles of crystal growth of oxide and intermetallic compounds by FZ 
technique are the same. The most important roles play the thermodynamic phase diagram features, 
appropriate solid-liquid interface curvature, material purity and stability of the molten zone. For 
example, TSFZ technique requires slow growth rate due to a difference between the melt and 
crystal compositions, defined by an appropriate phase diagram. But nevertheless, there are some 
distinctions. This work has revealed the principle differences in FZ technique of oxide and 
intermetallic compounds. Those are mainly in the thermodynamic melt properties, heat transfer in 
the melt and crystal, material plasticity and the effect of the oxygen. Those distinctions attribute to 
the intrinsic nature of intermetallic and oxide materials.  
Heat transfer in the melt is one of the main dissimilarities in thermodynamic properties of 
intermetallic and oxide melts and corresponding difference in the solid-liquid interface shapes, 
which is responsible for generation of cracks and 2nd phase inclusions. Oxide melts have, as a rule, 
large values of Prandtl number and the heat transfer in the melt is mainly by diffusion, except for a 
small region near the free melt surface. This heat transfer in the melt becomes apparent in the 
difference of the solid-liquid interfaces for oxide and intermetallic compounds. Moreover, the 
phenomena of constitutional supercooling and cellular growth due to larger width of the diffusive 
layer, but at the same time much smaller radial segregation are more pronounced for FZ crystal 
growth of intermetallic compounds. Oxide materials display, as a rule, a higher morphological 
stability and an extremely strong radial distribution of doped elements. 
Heat transfer in the crystal is another disparateness that is essential in the FZ crystal growth 
of oxide and intermetallic single crystals. In refractive dielectric materials at temperatures greater 
than 1400°C heat transfer in the solid state is often due to radiation phenomena rather than due to 
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heat diffusion. That is defined by the electronic structure of the dielectric materials at high 
temperatures. That reduces temperature gradients, which can be observed visually, and 
corresponding internal stresses in the growing crystal. That allows growing crack free refractive 
oxides such as SrZrO3 without afterheating. On the other hand, the smaller temperature gradients 
near solidification interface reduce strongly the maximal possible crystallization rate of the 
compounds. In metallic and intermetallic materials the electrical conductivity at high temperatures 
is very high with respect to that of the dielectric oxides. Therefore, the heat transfer is only due to 
heat diffusion without any contribution of the radiation mechanism.  
One more difference between the two types of compounds is in the plasticity of the oxide 
and intermetallic compounds at high temperatures. Just below the molten zone the grown crystal is 
exposed to high temperature gradients (500°C/cm – 1000°C/cm). That results in large stresses in 
the crystal matrices. In metallic and intermetallic systems the effects of material plasticity are 
pronounced but the grown crystals display much weaker internal stresses and correspondingly less 
amounts of cracks than in oxide compounds. Therefore, systems of active and passive afterheaters 
are very often used in FZ growth facilities to reduce temperature gradients and internal stresses in 
the growing oxide crystals, especially for crystal diameters larger that 10 mm.  
The material plasticity also plays an important role in preventing formation of cracks due 
to presence of macroscopic inclusions of a 2nd phase. The region near the inclusion is distinguished 
by mechanical stresses due to the difference in the lattice parameters of the 2nd phase inclusions and 
surrounding crystal matrix. As a rule, the precipitations lead to crystal cracking and destruction of 
oxide dielectric crystals, whereas a small amount of precipitates can be tolerated in crack free 
single crystals of metallic and intermetallic materials due to reducing of macroscopic stresses 
around the inclusions by plastic deformation of the matrix (see Fig. 2.8). 
The oxygen content influences strongly on perfection and defect formation of both 
intermetallic and oxide compounds grown by FZ technique. The most encountered macroscopic 
defects in the intermetallic crystals are oxide inclusions. These defects may contribute to the 
generation of new grains and may also result in constitutional supercooling and morphological 
stability of the solid-liquid interface. Therefore, there are strong requirements to the purity of initial 
materials, ambient gas in the crystal growth chamber, and high culture of the preparation work to 
reduce any possibility of oxygen contamination of intermetallic materials.  
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Outlook 
 
 
The present work has presented results of crystal growth of a wide variety of intermetallics 
and oxides by the floating zone technique. The revealed parameter field of optimum growth 
conditions and the experience with novel technical improvements (afterheater, gas purification 
device)  provided a basis for the construction of the next generation of floating zone equipments 
with optical heating which is scheduled for 2004. The large size and high quality of the grown 
crystals gave rise to the detection of new physical phenomena e.g. by neutron scattering. On the 
other hand, the carefully characterization of defects and material inhomogeneities gave an impact 
to modelling mass transfer and melt convection by computer simulation. This can contribute to a 
deeper understanding and optimization of crystallization processes. Future challenges for the 
growth of intermetallics are: large (> 1 cm3) “quasi-quaternary” RE-Ni-borocarbides (e.g. 
YNi2-xPtxB2C and LuxY1−xNi2B2C) to detect the transition from the clean limit to the dirty limit of 
superconductivity. Furthermore, large superconducting LuNi2B2C and TmNi2B2C single crystals 
are desired, which are not available up to date.  
One of the open questions of all crystal growth processes presented is the control of small 
changes in crystal composition but also of special crystallographic features (site occupation), which 
can result in serious deviations of crystal perfection and physical properties. The lack of reliable 
high-precision analysis methods, which can resolve crystal composition differences < 0.1 at.% in 
multicomponent systems, is one serious shortcoming for the preparation process. Co-operation with 
other research groups has been initiated to remove this missing link between the crystal preparation 
process and the physical properties. In any case high-quality crystals prepared under well 
controlled conditions are one important basis for a quantitative assessment of the detected 
phenomena by future co-operative work between research groups of SFB 463 and other 
institutions. 
 
Bibliography 
 
 124
Bibliography 
 
[1] H.G. van Bueren, “Imperfection in crystals.”, 1960, North-Holland, Amsterdam. 
[2] T.B. Massalski, P.R. Subramanian, H. Okamoto, and L. Kacprzak (Eds.), “Binary Alloy Phase 
Diagrams.”, 2nd Edition, ASM International, Metal Park, OH, 1990 
[3] P. Görnet and E. Sinn in: E. Kaldis (Ed.) “Crystal Growth of Electronic Materials.”, 1983, North-
Holland, New York, p. 23-39. 
[4] W. Tolksdorf in: D.T.J. Hurle (Ed.) „Handbook of Crystal Growth.“, Vol. 2, 1994, North-Holland, 
New York, pp. 565-607. 
[5] J. Bohm, A. Lüdge, W. Schröder,  in: D.T.J. Hurle (Ed.) „Handbook of Crystal Growth.“, Vol. 2, 
1994, North-Holland, New York, pp. 214-257. 
[6] J.C. Brice, “Crystal growth Processes.”, 1986, Blackie&Son Ltd. 
[7] J.J. Gilman (Ed.), „The Art and Science of Growing Crystals.“, John Wiley&Sons, New York. 
[8] D.T.J. Hurle in: P. Hartman (Ed.) “Crystal Growth: An Introduction.”, 1973, North-Holland, New 
York, p. 210. 
[9] D.T.J. Hurle in: E. Kaldis (Ed.) “Crystal Growth of Electronic Materials.”, 1985, North-Holland, 
New York, p. 3-22. 
[10] K.-Th. Wilke, J. Bohm, “Kristallzüchtung.”, 1973, VEB Deutscher Verlag der Wissenschaften, 
Berlin. 
[11] D. Ambrose in: “Chemical Rubber Company handbook of chemistry and physics.”, D.R. Lide (ed.) 
CRC Press, Boca Raton, Florida, USA, 77th edition, 1996.  
[12] J.A. Dean (Ed,) in: “Lange's Handbook of Chemistry.”, McGraw-Hill, New York, USA, 14th edition, 
1992.  
[13] J. Karpinski, S. M. Kazakov, J. Jun, M. Angst, R. Puzniak, A. Wisniewski and P. Bordet,  Physica C 
385 (2003) 42. 
[14] W.G. Pfann , „Zone Melting.“, 1966, 2nd Edn. Wiley, New York. 
[15]  G.J. Sloan, A.R. McGhie, “Techniques of Melt Crystallization.”, 1988, Wiley, New York. 
[16] R.S. Feigelson in: E. Kaldis (Ed.) “Crystal Growth of Electronic Materials.”, 1983, North-Holland, 
New York, p. 127-145. 
[17] A. Cröll, DGKK-Mitteilungsblatt 65 (1997) 13. 
[18] A. Eyer, H. Zimmermann, Final Report BMFT-FB W 77-12 (1977). 
[19] C. Kooy, H.J.M. Couwenberg, Philips Techn. Rundschau 23 (1961/62) 799. 
[20] R. Hermann, J. Priede, G. Behr, G. Gerbeth, L. Schultz, J. Cryst. Growth, 223 (2001) 577. 
[21] G. Behr, W. Löser, G. Graw, H. Bitterlich, J. Freudenberger, J. Fink and L. Schultz, J. Cryst. 
Growth, 198/99 (1999) 642. 
[22] S. Otani, M.M. Korsukova, T. Matsuhashi, J. Cryst. Growth, 186 (1998) 582. 
[23] S. Otani, Y. Ashizawa, J. Cryst. Growth, 165 (1996) 319. 
[24] D. Souptel, G. Behr, A.M. Balbashov, J. Cryst. Growth 236 (2002) 583. 
[25] P.I. Nabokin, D. Souptel, A.M. Balbashov, J. Cryst. Growth 250 (2003) 397. 
[26] D. Souptel, G. Behr, L. Ivananko, H. Vinzelberg, J. Schumann, J. Cryst. Growth 244 (2002) 296. 
Bibliography 
 
 125
[27] A.M. Balbashov, A.Yu. Lebedev, S.G. Pavlova, V.E. Baktheutov, Acta Physica Polonica A68 
(1985) 457. 
[28] S.R. Coriell, M.R. Cordes, J. Cryst. Growth 42 (1977) 466. 
[29] P.I. Antonov, in: N.N. Sheftal (Ed.) “Growth of Crystals.”, Vol. 6a, 1968,  Consultants Bureau, New 
York, p. 145. 
[30] T. Surek, B. Chalmers, J. Cryst. Growth 29 (1975) 1. 
[31] T. Surek, Scripta Met. 10 (1976) 425. 
[32] T. Surek, S.R. Coriell, J. Cryst. Growth 37 (1977) 253. 
[33] J.C. Brice, “The Growth of Crystals from the Melt”, 1965, North-Holland, Amsterdam. 
[34] R.E. Green, Jr., J. Appl. Phys. 35 (1964) 1297. 
[35] W. Heywang, Z. Naturforsch. 11a (1956) 238. 
[36] S.W. Strauss, Reactor Sci. Tech. 15 (1961) 28. 
[37] I. Martínez, J. Meseguer and J. M. Perales, Adv. Space Research 29 (2002) 569. 
[38] C.W. Lan, J. Cryst. Growth 247 (2003) 597. 
[39] T. Surek, S.R. Coriell, B. Chalmers, J. Cryst. Growth 50 (1980) 21. 
[40] A.B. Dreeben, K.M. Kim, A. Schujko, J. Cryst. Growth 50 (1980) 126. 
[41] C.W. Lan, C.H. Tsai, J. Cryst. Growth 173 (1997) 651. 
[42] D. Rivas, K. Vazquez-Espi, J. Cryst. Growth 223 (2001) 433. 
[43]  G.K. Celler, L.E. Trimble, Lynn O. Wilson, Mat. Res. Symp. Proc. 35 (1985) 635. 
[44]  R.K. Crouch, A.L. Fripp, W.J. Debnam, in: Material Processing in the Reduced Gravity 
Environment in Space, Ed. G.E. Rindone (Elsevier, Amsterdam 1982), 657. 
[45] R.C. Weast, M.J. Astle (Eds.): CRC handbook of Chemistry and Physics. 62nd Ed. (CRC Press, Boca 
Raton, FL 1981). 
[46] D. Nason, C.T. Yen, W.A. Tiller, J. Cryst. Growth 109 (1991) 221. 
[47] G.K. Celler, K.A. Jackson, L.E. Trimble, McD. Robinson, D.J. Lischner in: Proc. Energy Beam-
Solid Interactions and Transient Thermal Provessing Symp., Boston 1983, Eds. J.C.C. Fan and N.M. 
Johnson, North-Holland, New York, pp. 409. 
[48] G.K. Celler, L.E. Trimble, Lynn O. Wilson, Mat. Res. Symp. Proc. 35 (1985) 635. 
[49] K.A. Jackson, D.A. Kurtze, J. Cryst. Growth 71 (1985) 385. 
[50] H. Wenzl, A. Fattah, D. Gustin, M. Mihelcic, W. Uelhoff, J. Cryst. Growth 43 (1978) 607. 
[51] M. Jurisch, W. Löser,  J. Cryst. Growth 102 (1990) 214. 
[52] J.S. Walker, A. Cröll, F.R. Szofran, J. Cryst. Growth 223 (2001) 73. 
[53] O.A. Louchev, S. Otani, Y. Ishizawa, J. Cryst. Growth 167 (1996) 333. 
[54] C.W. Lan, S. Kou, J. Cryst. Growth 108 (1991) 351. 
[55] C.W. Lan, S. Kou, J. Cryst. Growth 114 (1991) 517. 
[56] Y.K. Yang, S. Kou, J. Cryst. Growth 222 (2001) 135. 
[57] T. Munakata, I. Tanasawa, J. Cryst. Growth 206 (1999) 23. 
[58] T. Manukata, I. Tanasawa, J. Cryst. Growth, 206 (1999) 27. 
[59] Cebeci, T. and Bradshaw, P. “Physical and Computational Aspects of Convective Heat Transfer”, 
New York: Springer-Verlag, 1984. 
Bibliography 
 
 126
[60] Kays, W. M., “Convective Heat and Mass Transfer”, New York: McGraw-Hill, 1966.  
[61] Launder, B. E. (Ed.), “Studies in Convection: Theory, Measurement, and Applications”, London: 
Academic Press, 1975.  
[62] N. Kobayashi, J. Cryst. Growth 43 (1978) 417. 
[63] T.B. Reed, in: “Crystal Growth.”, Ed. H.S. Peiser, 1967, Pergamon, Oxford. 
[64] V.H.S. Kuo, W.R. Willox, J. Cryst. Growth 12 (1972) 191. 
[65] M. Schweizer, A. Cröll, P. Dold, Th. Kaiser, M. Lichtensteiger, K.W. Benz, J. Cryst. Growth 203 
(1999) 500. 
[66] M. Sumiji, S. Nakamura, T. Azami, T. Hibiya, J. Cryst. Growth 223 (2001) 503. 
[67] T. Munakata, I. Tanasawa, J. Cryst. Growth 106 (1990) 566. 
[68] J.A. Burton, R.C. Prim, W.P. Slichter, J. Chem. Phys. 21 (1953) 1987. 
[69] H.J. Koh, Y. Furukawa, P. Rudolph, T. Fukuda, J. Cryst. Growth 149 (1995) 236. 
[70] C. Winkler, G. Amberg, T. Carlberg, J. Cryst. Growth 210 (2000) 573. 
[71] T. Taishi, X. Huang, M. Kubota, T. Kajigaya, T. Fukami, K. Hoshikawa, Mat. Sci. Engineer. B72 
(2000) 169. 
[72] O.A. Louchev, J. Cryst. Growth 131 (1993) 209. 
[73] A.A. Chernov, in: Modern Crystallography, Vol. 3, 1980, Nauka, Moscow, pp. 184-188 (in 
Russian). 
[74] L.B. Humphreys, J.A. Heminger, G.W. Young, J. Cryst. Growth 100 (1990) 31. 
[75] D.E. Ovsienko, in: “Growth and Defects of Metallic Crystals”, D.E. Ovsienko (Ed.), 1972, Naukova 
Dumka, Kiev, pp.135-177. 
[76] D.T.J. Hurle, Solid-State Electron. 3 (1961) 37. 
[77] R.F. Sekerka, J. Cryst. Growth 3/4 (1968) 71. 
[78] S. Kimura, I. Shindo, J. Cryst. Growth 41 (1977) 192. 
[79] K. Gamayumov, I. Tanaka, H. Kojima, Physica C 226 (1994) 262. 
[80] B. Liang, C.T. Lin, J. Cryst. Growth 237-239 (2002) 756. 
[81] M. Higuchi, K. Kodaira, S. Nakayama, J. Cryst. Growth 207 (1999) 298. 
[82] E.V.Shulakov and V.V.Aristov, Appar. Metody Rentrenovskogo Anal. 21 (1978) 151. 
[83] I.K.Bdikin, I.M.Shmyt'ko, A.M.Balbashov, A.V.Kazansky, J. Appl. Cryst. 26 (1993) 71. 
[84] R.J. Cava, H. Takagi, B. Batlogg, H.W. Zandbergen, J.J. Krajewski, W.F. Peck, Jr., R.B. van Dover,  
R. Felder, T. Siegrist, K. Mizuhaski, J.O. Lee, H. Eisaki, S. Carter, S. Uchida, and Lett. Nature 367 (1994) 
146. 
[85] T. Siegrist, H.W. Zandbergen, R.J. Cava, J.J. Krajewski, W.F. Peck Jr., Nature (London) 367 (1994) 
254.  
[86] R.J. Cava, H. Takagi, H. Eisaki, H.W. Zandbergen, T. Siegrist, B. Batlogg, J.J. Krajewski, W.F. 
Peck Jr., S. Carter, K. Mizuhaski, J.O. Lee, S. Uchida, R. Felder and R.B. van Dover,  Physica C 235-420 
(1994) 154. 
[87] H. Takagi, R.J. Cava, H. Eisaki, J.O. Lee, K. Mizuhaski, B. Batlogg, S. Uchida, J.J. Krajewski, W.F. 
Peck Jr.,  Physica C 228 (1994) 389. 
[88] L.C. Gupta,  Physica B 223-224 (1996) 56. 
Bibliography 
 
 127
[89] Chandan Mazumdar, Z. Hossain, S. Radha, A.K. Nigam, R. Nagarajan, L.C. Gupta, C. Godart, B.D. 
Padalia, G. Chandra, R. Vijayaraghavan, Physica B 223-224 (1996) 102. 
[90] M.El. Massalami, S.L. Bud’ko, B. Giordanengo, E.M. Baggio-Saitovitch,  Physica C 224 (1995) 41. 
[91] K-H. Muller, V.N. Narozhnyi, Rep. Prog. Phys. 64 (2001) 943-1008. 
[92] H. Eisaki, H. Takagi, R.J. Cava, B. Batlogg, J.J. Krajewski, W.F. Peck Jr., K. Mizuhashi, J.O. Lee, 
S. Uchida, Phys. Rev. B 50 (1994) 647. 
[93] T.E. Grigereit, J.W. Lynn, Q. Huang, A. Santoro, R.J. Cava, J.J. Krajewski, J.W.F. Peck,  Phys. Rev. 
Lett. 73 (1994) 2756. 
[94] A.I. Goldman, C. Stassis, P.C. Canfield, J. Zarestky, P. Dervenagas, B.K. Cho, D.C. Johnston, B. 
Sternlieb, Phys. Rev. B (1994) 9668. 
[95] H. Schmidt, H.F. Braun, Physica C 229 (1994) 315. 
[96] K.D.D. Rathnayaka, D.G. Naugle, B.K. Cho, P.C. Canfield, Phys. Rev. B 53 (1996) 5688. 
[97] R.A. Ribeiro, S.L. Bud’ko, P.C. Canfield, J. Magn. Magn Mat. (2003) in press. 
[98] P.C. Canfield, S.L. Bud’ko, J. Alloys Compounds 262-263 (1997) 169. 
[99] M. El. Massalami, A.M. Baggio-Saitovitch, J. Magn. Magn. Mat. 153 (1996) 97. 
[100] A. Kreyssig, M. Lowenhaupt, K-H. Muller, H.G. Fuchs, A. Handstein, C. Ritter, Physica b 234 
(1997) 737. 
[101] H. Szillat, H. Kuhn, Th. Schuster, P. Majewski, M. Seeger, F. Aldinger and H. Kronmüller, Physica 
C 280 (1997) 43. 
[102] H. Schmidt, M. Weber, H.F. Braun, Physica C 246 (1995) 177.  
[103] G. Behr, W. Löser, G. Graw, H. Bitterlich, J. Freudenberger, J. Fink and L. Schultz, J. Cryst. 
Growth, 198/99 (1999) 642. 
[104] A. Belger, U. Jaenicke-Roessler, D. Lipp, B. Wehner, P. Paufler, G. Behr, Physica C 306 (1998) 
277. 
[105] K. Krug, M. Heinicke and K. Winzer, Physica C 267 (1996) 321. 
[106] H. Takeya, K. Kadowaki, K. Mirata and T. Mirano, J. Alloys and Compounds 245 (1996) 94. 
[107] H. Bitterlich, W. Löser, G. Behr, G. Graw, W. yang-Bitterlich, U. Krämer, L. Schultz,  J. Cryst. 
Growth 213 (2000) 319. 
[108] H. Takeya, T. Hirano, K. Kadowaki, Physica C 256 (1996) 220. 
[109] G. Behr, W. Löser, G. Graw, K. Nenkov, J. Mater. Res. 14 (1999) 16. 
[110] H. Szillat, P. Majewski, F. Aldinger, J. Alloys and Compounds 261 (1997) 242.  
[111] B.K. Cho, P.C. Canfield, L.L. Müller, D.K. Finnemore, D.C. Johnston, W.P. Beyermann, A. 
Yatskar, Phys. Rev. B 52 (1995) 3684. 
[112] T.A. Wagner, A. Dertinger, W. Ettig, A. Krause, H. Schmidt, H.F. Braun , Physica C 323 (1999) 71. 
[113] Zh. M. Tomilo, P.V. Shestak, V.M. Finskaya, N.A. Prytkova, S.N. Ustinovich, Physica C 361 
(2001) 95. 
[114] H. Schmidt, A. Dertinger, B. Ernstberger, H.F. Braun, J. Alloys Compounds 262-263 (1997) 459.   
[115] H.W. Kerr and W. Kurz, Int. Mat. Rev. 41 (1996) 129. 
[116] K. Kitamura, N. II, I. Shindo, S. Kimura, J. Cryst. Growth 46 (1979) 277. 
[117] I. Tanaka, K. Yamane, H. Kojima, J. Cryst. Growth 96 (1989) 711. 
Bibliography 
 
 128
[118] O.N. Carlson, R.R. Lichtenberg and J.C. Warner, J. Less-Comm. Metals 35 (1974) 275. 
[119] L.-M. Berger, W. Gruner, E. Langholf and S. Stolle, Int. J. Refr. Metals and Hard Mat. 17 (1999) 
235.  
[120] N.P.Nies, G.W. Campbell, in: “Boron, Metallo-Boron, Compounds and Boranes.”, R.M. Adams 
(Ed.), 1964, Wiley, New York, pp. 53-196. 
[121] R. Thompson, in: “Progress in Boron Chemistry.”, R.J. Brotherton and H. Steinberg (Eds.), 1970, 
Pergamon Press, Oxford, p.193. 
[122]  G. Behr, W. Löser, H. Bitterlich, G. Graw, D. Souptel and E. V. Sampathkumaran, J. Cryst. Growth 
237 (2002) 1976. 
[123] G. Behr, in: "Crystal Growth" in "Semiconducting Silicides", V.E. Borisenko (Ed.), 2000,  Springer-
Verlag, Berlin, Springer Series in Materials Science Vol. 39, pp. 137 – 179. 
[124] H. Schmidt, H.F. Braun, Physica C 229 (1994) 315. 
[125] E. Tominez, E. Alleno, C. Godart, P. Bonville, J.A. Hodges, J. Alloys Compounds 262-263 (1997) 
462. 
[126] S.A. Carter, B. Batlogg, R.J. Cava, J.J. Krajewski, W.F. Peck, T.M. Rice,  Phys. Rev. Lett. 77 
(1996) 1378. 
[127] A. Dertinger, R.E. Dinnebier, A. Kreyssig, P.W. Stephens, S. Pagola, M. Loewenhaupt, S. van 
Smaalen, H.F. Braun,  Phys. Rev. B 63 (2001) 184518 
[128] H. Schmidt, H.F. Barun in “Studies of High Temperature Superconductirs”, edited by A.V. Narlikar 
(Nova Science, New York, 1998), Vol. 26, p. 47.   
[129] J.W. Lynn, S. Skanthakumar, Q. Huang, S.K. Sinha, Z. Hossain, L.C. Gupta, R. Nagarajan, C. 
Godart, Phys. Rev. B 55 (1997) 6584. 
[130] L.F. Mattheiss, Phys. Rev. B 49 (1994) 3702. 
[131] H. Schmidt, M. Weber, H.F. Braun, Physica C 256 (1996) 393. 
[132] A. Dertinger, A. Kreyssig, C. Ritter, m. Loewenhaupt, H.F. Braun, Physica B 284-288 (2000) 485. 
[134] J. Nagamasu, N. Nakagawa, T. Muranaka, Y. Zenitany, J. Akimutsu, Nature 410 (2001) 63. 
[135] S.L. Bud’ko, C. Petrovic, G. Lapertot, C.E. Cunningham, P.C. Canfield, cond-mat/0102413, 2001. 
[136] D.K. Finnemore, J.E. Ostenson, S.L. Bud’ko, G. Lapertot, P.C. Canfield, cond-mat/0102114, 2001. 
[137] C.B. Eom, M.K. Lee, J.H. Choi, L. Belenky, X. Song, L.D. Cooley, M.T. Naus, S. Patnaik, J. Jiang, 
M. Rikel, A. Polyanskii, A. Gurevich, X.Y. Cai, S.D. Bu, S.E. Babcock, E.E. Hellstrom, D.C. Larbalestier, 
N. Rogado, K.A. Regan, M.A. Hayward, T. He, J.S. Slusky, K. Inumaru, M.K. Haas, R.J. Cava, Nature 411 
(2001) 558; J. Kortus, I.I. Mazin, K.D. Belashchenko, V.P. Antropov, L.L. Boyer, cond-mat/0101446. 
[138] Kortus, I.I. Mazin, K.D. Belashchenko, V.P. Antropov, L.L. Boyer, cond-mat/0101446. 
[139] J.E. Hirsch, Phys. Lett. A 282 (2001) 392. 
[140] K. Tanigaki, T.W. Ebessen, S. Saito, J. Mizuki, J.S. Tsai, Y. Kubo, S. Kiroshima, Nature 352 (1991) 
222. 
[141] M.E. Jones, R.E. Marsh, J. Am. Chem. Soc. 70 (1954) 1434. 
[142] J.S. Slusky, N. Rogado, K.A. Regan, M.A. Hayward, P. Khalifan, T. He, K. Inumaru, S.M. 
Loureiro, M.K. Haas, H.W. Zandbergen, R.J. Cava, Nature 410 (2001) 343. 
[143] T. Takenobu, T. Ito, Dam H. Chi, K. Prassides, I. Iwasa, cond-mat/0103241. 
[144] M. Paranthaman, J.R. Thompson, D.K. Christen, Physica C 355 (2001) 1. 
Bibliography 
 
 129
[145] S.L. Bud’ko, G. Lapertot, C. Petrovic, C.E. Cunningham, N. Anderson, Phys. Rev. Lett. 86 (2001) 
1877. 
[146] D.C. Larbalestier, M.O. Rikel, L.D. Cooley, A. Polyanskii, J.I. Jiang, S. Patnaik, X.Y. Cai, D.M. 
Fieldmann, A. Gurevich, A.A. Squiteri, M.T. Naus, C.B. Eom, E.E. Hellstrom, R.J. Cava, K.A. Regan, N. 
Rogado, M.A. Hayward, T. He, J.S. Slusky, P. Khalifah, K. Inumaru, M.K. Haas, cond-mat/0102216. 
[147] A. Tampieri, G. Calotti, S. Sprio, D. Rinaldi, G. Barucca, R. Caciuffo, Solid State Comun. (2002) in 
press. 
[148] S.M. Kazakov, M. Angst, J. Karpinski, I.M. Fita, R. Puzniak, Solid State Comun. 119 (2001) 1. 
[149] N.N. Kolesnikov, M.P. Kulakov, Physica C 363 (2001) 166. 
[150] A. Brinkman, D. Mijatovic, G. Rijnders, et al.,  cond-mat/0103191. 
[151] M. Xu, H. Kitazawa, Y. Takano, J. Ye, K. Nishida, H. Abe, A. Matsushita, N. Tsujii, G. Kido, Appl. 
Phys. Lett. 79 (17) (2001) 2779. 
[152] I. Higashi, Y. Takahashi, T. Atoda, J. Less-Common Met. 37 (1974) 199. 
[153] R.J. LaBotz, D.R. Mason, J. Electrochem. Soc. 110 (1974) 549. 
[154] Zi-Kui Liu, D.G. Schlom, Qi Li, X.X. Xi, Appl. Phys. Lett. 78 (2001) 3678. 
[155] Zi-Kui Liu, Y. Zhong, D.G. Schlom, X.X. Xi, Qi Li, Calphad 25 (2001) 299. 
[156] PANDAT – a multi-component phase diagram calculation software, Computherm LLC, 437 S. 
Yellowstone Drive, Suite 217, Madison, WI 53719, USA. 
[157] C.A. Coughanowr, I. Ansara, R. Luoma, M. Hamalainen, H.L. Lukas, Z. Metallkde., 82 (1991) 574. 
[158] J. Nagamasu, N. Nakagawa, T. Muranaka, Y. Zenitany, J. Akimutsu, Nature 410 (2001) 63. 
[159] S.L. Bud’ko, C. Petrovic, G. Lapertot, C.E. Cunningham, P.C. Canfield, cond-mat/0102413. 
[160] D.K. Finnemore, J.E. Ostenson, S.L. Bud’ko, G. Lapertot, P.C. Canfield, cond-mat/0102114. 
[161] P. Ravindran, P. Vajeeston, R. Vidya, A. Kjekshus, H. Fjellvag, Phys. Rev. B 64 (2001)  224509.  
[162] H. Rosner, A. Kitaigorodsky, W.E.Picket, Phys. Rev. Letters 88 (2002)  127001.  
[163] M. Wörle, R. Nesper, G. Mair, M.Schwarz, H.G. von Schnering,   Z. Anorg. Allg. Chem. 621 (1995) 
1153.  
[164] K.D. Belashenko, M. van Schilfgaarde, V.P. Antipov,  Phys. Rev. B 64 (2001)  092503.  
[165] R.Ramirez R. Nesper, H.G. von Schnering, M.C. Böhm,  Z. Naturforsch.  A 42, (1987) 670.  
[166] G. Mair, Ph.D. dissertation, University of Stuttgart, 1984.   
[167] A.V. Pronin, K. Pucher, P. Lunkenheimer, A. Krimmel and A. Loidl, cond-mat/0207299.   
[168] N.F. Mott, Phil. Mag. 26 (1972) 1015. 
[169]  J. Pierre, O. Laborde, E. Hossay, A. Rouault, J.P. Senateur, R. Madar,  J. Phys. : Condens. Matter 2 
(1990) 431 
[170] N. Sato, H. Mori, T. Satoh, T. Miura, H. Takei,  J. Phys. Soc. of Japan 57 (1988) 1384  
[171] W. Lee, R.N. Shelton, S.K. Dhar, K.A. Gschneidner, Jr.,  Phys. Rev. B 35 (1987) 8523   
[172] J.A. Perri, I. Binder and B. Post, J. Phys. Chem., 63 (1959) 616 
[173] J.A. Perri, I. Binder and B. Post, J. Phys. Chem., 63 (1959) 2073 
[174] H. Yashima, T. Satoh,  H. Mori, D. Watanabe, T. Ohtsuka, Solid State Comm. 41 (1982) 1 
[175] H. Yashima, H. Mori, T. Satoh,  Solid State Comm. 43 (1982) 193 
[176] H. Yashima, T. Satoh,  Solid State Comm. 41 (1982) 723 
[177] H. Yashima, N. Sato, H. Mori, T. Satoh,  Solid State Comm. 43 (1982) 595 
Bibliography 
 
 130
[178] H.M. Murphy, K.U. Neumann, D. Visser, K.R.A. Ziebeck,  J. Magn. Magn. Mater. 104-107 (1992) 
657 
[179] M. Bulanova , P.N. Zheltov, K.A. Meleshevich, P.A. saltykov, G. Effenberg,  J. Alloys Comp. 345 
(2002) 110 
[180] H. Yashima, C.F. Lin, T. Satoh, H. Hiroyoshi, K. Kohn,  Solid State Comm. 57 (1986) 793 
[181] Y. Murashita, J. Sakurai, T. Satoh,  Solid State Comm. 77 (1991) 789 
[182] F. Benesovsky, H. Nowotny, W. Rieger, H. Rassaerts, Monatsh. Chem. 97 (1966) 221 
[183] J. Sakurai, Y. Murashita, Physics Letters A 150 (1990) 113 
[184] M. Kohgi, M. Ito, T. Satoh, H. Asano, T. Ishigaki, F. Izumi,  J. Magn. Magn. Mater. 90-91 (1990) 
433 
[185] R. Madar, E. Houssay, A. Rouault, J.P. Senateur, B. Lambert, C. Meneau d‘Anterroches, J. Pierre, 
O. Laborde, J.L. Soubeyroux, J. Pelissier,  J. Mater. Res. 5 (1990) 2126 
[186] N. Sato, H. Mori, H. Yashima and T. Satoh,  Solid State Comm. 51 (1984) 139 
[187] N. Sato, M. Kohgi, T. Satoh, Y. Ishikawa, H. Horoyoshi, H. Takei,  J. Magn. Magn. Mater. 52 
(1985) 360 
[188] A. Menovsky , J.J.M. Franse, J. Cryst. Growth 65 (1983) 286 
[189] N. Pinguet, F. Weitzer, K. Hiebl, J. C. Schuster and H. Noël, J. of Alloys and Compounds 348 
(2002) 1 
[190] M. Jurisch, G. Behr, Acta Phys. Acad. Sci. Hungaricae 47 (1979) 201 
[191] G. Behr, K. Bartsch, M. Jurisch, M. Schönherr, E. Wolf, Cryst. Res. Technol. 20 (1985) 93 
[192] S.A. Shaheen, J.S. Schilling, Phys. Rev. B 35 (1987) 6880 
[193] S.K. Dhar, K.A. Gschneidner, Jr., W.H. Lee, P. Klavins, R.N. Shelton, Phys. Rev. B 36 (1987) 341 
[194] A. Heinrich, H. Grießmann, G. Behr, L. Ivanenko, J. Schumann. H. Vinzelberg, Thin Solid Films 
381 (2001) 287  
[195] L. Ivanenko, H. Lange, A. Heinrich, Transport properties, in: "Semiconducting silicides", Borisenko 
V.E. (ed.), Springer-Verlag Berlin, 39  (2000)   243  
[196] C.B. Vining and C.E. Allevato, Proc. 10th Intern. Conf. on Thermoelectrics, Babrow Press, Ed. 
D.M. Rowe, Cardiff  (1991) 167  
[197] Y. Arita, T. Miyagawa and T. Matsui, Proc. 17th Intern. Conf. on Thermoelectrics,  IEEE, (1998)  
394  
[198] W.B.  Pearson, Acta Crystallogr. B26,  1044 (1970) [6] D.J. Poutcharovsky, K.Yvon, 
E.Parthe, Journal of the Less-Common Metals, 40 (1975) 139  
[199] D. Lenssen, H.L.Bay, St.Mestrs, C.Dieker, D.Guggi, R.Carius, S.Mantl, Journal of Lumenescence 
80 (1999) 461  
[200] I.J. Ohshugi, T. Koijama,  C.B. Vining, M. Sakata, I.A. Nishida,   Proc. 17th Int. Conf. on 
Termoelectric, IEEE, (1998) 370 and references therein.   
[201] T. Ohta, C. B. Vining, C. E. Allevato, Proc. 26th Intersociety Energy Conversion Engineering Conf., 
(San Diego, CA, 1992), 3 (1991) 196  
[202] C. B. Vining, C. E. Allevato, Proc.  27th Intersociety Energy Conversion Engineering Conference., 
(San Diego, CA, 1992), 3  (1991) 3.489  
[203] Y. Arita, S.Mitsuda,Y.Nishi, T.Matsui, T.Nagasaki, Journal of Nuclear Materials 294 (2001) 202  
Bibliography 
 
 131
[204] U. Gottlieb, R.Madar, O.Laborde, Mat. Res. Soc. Proc, 402  (1996) 581 
[205] U. Gottlieb, O.Laborde, A. Rouault, R.Madar, Applied Surface Science 73 (1993) 243 
[206] A.T. Burkov, A. Heinrich, P.P. Konstantinov, T. Nakama and K. Yagasaki,  Meas. Sci. Technol. 12 
(2001) 264 
[207] A.F. Ioffe, Fizika poluprovodnikov, Akademija nauk SSSR, Moskva-Leningrag, (1957) 375 
[208] L. Merker, Trans. AIME Min.Eng. 202 (1955) 645.  
[209] L.Merker and L.E. Lynd, US Patent 2.628.156 , Feb 10, 1953.  
[210] H.J.Scheel, J.G. Bednorz, P.Dill, Ferroelectrics 13 (1976) 507.  
[211] J.G. Bednorz, H.J. Scheel, J. Crystal Growth 41 (1977) 5.  
[212] M.B. Rozhestrevenskata and K.Kazurov in “Krystallizatsia i Fazovye Prevrashchenia” , Akad.Nauk 
SSSR Nauchnyi Sov. Pol. (1971) 267.    
[213] H.J. Scheel,  Z. Kristallogr. 143 (1976)  417.  
[214] B. DiBenedetto, J.C. Cronan, J. Amer. Ceram. Soc. 51 (1968) 364.   
[215] J.G. Bednorz, J. Crystal Growth 67 (1984) 660.  
[216] A.M.Balbashov, S.K.Egorov,  J.Crystal Growth 52 (1981) 498.  
[217] M.L.Barsukova, V.A. Kuztetsov and E.K. Malinovskaya, Soviet. Phys. Cryst. 17 (1973) 1113.   
[218] V.I. Aleksandrov,  M.A. Vishniakova, Yu.K.Voron’ko, et.al., Inorg. Mater. 19 (1983) 238.     
[219] B.T. Melekh, A.A. Andreev, N.F. Kartenko et.al., Inorg. Mater. 18 (1982) 1338.  
[220] V.I.Aleksandrov, V.V. Osiko, A.M.Prokopov, V.M. Tatarintsev, Russ. Chem. 47 (1978) 213.  
[221] N.S. Novosil’tsev, A.L. Khodakov, M.L. Sholokhovich, E.G. Fesenko, O.P. Kramarov, Bull. Acad. 
Sci. USSR 21 (1957) 303.    
[222] T. Sugai, S. Hasegava, G. Ohara, J. Appl. Phys. 7 (1968) 358.   
[223] M. Trzebiatowski Drys, W., Rocz. Chen., 31 (1957) 489. 
[224] N.A. Kulagin, S.V. Landar, L.P. Podus, L.A. Litvinov, Ukr. Fiz. Rev. 26 (1981) 309.  
[225] J. Yoshimura, Y. Sakamoto, S. Usui, S. Kimura, J. Crystal Growth 191 (1998) 483.  
[226] K. Kitamura. N. II, I. Shindo and S. Kimura,  J. Crystal Growth 46 (1979) 277.  
[227] A.M. Anthony and M. Foex,  Proceedings of the Symposium on Magnetic Hydrodynamic Electrical 
Power, Vol. 3, National Agency for International Publication Inc., New York,  1966, p. 265. 
[228] T. Noguchi, T. Okubo and O. Yonemochi, J. Am. Ceram. Soc. 52 (4) (1969) 178. 
[229] H. Stetson and B. Schwartz, IBID 44 (1961) 420. 
[230] H. Iwahara, T. Esaka , H. Uchida and N. Maeda, Solid State Ionics 3/4 (1981) 359. 
[231] H. Iwahara, Proton conductors, ed. P. Colomban, Cambridge University Press, Cambridge UK, 
1992, pp. 511-522. 
[232] H. Yugami, Y. Shibayama, T. Hattori, M. Ishigame, Solid State Ionics 79 (1995) 171. 
[233] N. Sata, M. Isigame, S. Shin, Solid State Ionics 86-88 (1996) 629. 
[234] N. Sata, H. Yugami, Y. Akiyama, H. Sone, N. Kitamura, T. Hattori, M. Isigame, Solid State Ionics 
125 (1999) 383. 
[235] S. Shin, H.H. Huang, M. Ishigame and H. Iwahara, Solid State Ionics 40/41 (1990) 910. 
[236] H. von Wartenberg, W. Gurr, Z. Anorg. Allgem. Chem. 196 (4) (1931) 374.  
[237] A.V. Shevchenko, Z.A. Zayzeva, L.M. Lopato, G.I. Gerasimiuk,  Izv. Akad. Nauk SSSR, Neorgan. 
Mat., 19 (12) (1983) 2059 (in Russian). 
Bibliography 
 
 132
[238] R.A. Tarnopolskaya, N.V. Gulko, Rep. Akad.  Sci. USSR 170 (5)  (1960) 1140. 
[239] B.J. Kennedy, C.J. Howard, B.C. Chakooumakos, Phys. Rev. B 59 (6) (1999) 4023. 
[240] C.J. Howard, K.S. Knight, B.J. Kennedy, E.H. Kisi, J. Phys.: Condenced Matter 12 Iss. 45 (2000) 
L677. 
[241] M. Antee, A.M. Glazer, A.W. Hewat, Acta Crystallogr. B34 (1978) 752. 
[242] M.D. Mathews, E.B. Mirza, A.C. Momin, J. Mater. Sci. Lett. 10 (6) (1991) 305. 
[243] J. A. M.van Roosmalen, P. van Vlaander and E. H. P Cordfunke, J. Solid State Chem. 101 (1992) 
59. 
[244] T. Yajima, H. Suzuki, T. Yogo, H. Iwahara,  Solid State Ionics 51 (1992) 101. 
[245] H. Yugami, S. Matsuo, M. Ishigame, Solid State Ionics 77 (1995) 195. 
[246] O. Kamishima, T. Hattori, K. Ohta, I. Chiba, M. Ishigame, J. Phys.: Condens. Matter 11 (1999) 
5355. 
[247] A.V. Shevchenko, L.M. Lopato,  Z.A. Zayzeva, V.S. Dverniacov, V.V. Pasichni, Rep. Akad. Sci. 
USSR Ser A 7 (1981) 80. 
[248] H. Tsuiki, K. Kitazava, T. Masumoto, K. Shiroki, K. Fueki, J. Crystal Growth 49 (1980) 
 
 
 
 
 133
List of publications (2001-2003): 
 
 
1. SrZrO3 single crystal growth by floating zone technique with radiation heating  
Journal of Crystal Growth, Volume 236, Issue 4, March 2002, Pages 583-588  
D. Souptel, G. Behr and A. M. Balbashov  
 
2. Floating zone growth and characterization of semiconducting Ru2Si3 single crystals 
Journal of Crystal Growth, Volume 244, Issues 3-4, October 2002, Pages 296-304  
D. Souptel, G. Behr, L. Ivanenko, H. Vinzelberg and J. Schumann 
 
3. Floating zone growth of high-quality SrTiO3 single crystals 
Journal of Crystal Growth, Volume 250, Issues 3-4, April 2003, Pages 397-404  
P. I. Nabokin, D. Souptel and A. M. Balbashov 
 
4. Crystal growth of MgB2 from Mg–Cu–B melt flux and superconducting properties 
Journal of Alloys and Compounds, Volume 349, Issues 1-2, 3 February 2003, Pages 193-
200  
D. Souptel, G. Behr, W. Löser, W. Kopylov and M. Zinkevich 
 
5. Synthesis and physical properties of LiBC intermetallics  
Solid State Communications, Volume 125, Issue 1, January 2003, Pages 17-21  
Dmitri Souptel, Zakir Hossain, Günter Behr, Wolfgang Löser and Christoph Geibel 
 
6.  Formation and thermal stability of the skutterudite phase in films sputtered from 
Co20Sb80 targets  
Journal of Alloys and Compounds, Volume 351, Issues 1-2, 10 March 2003, Pages 248-
254  
V. Savchuk, J. Schumann, B. Schüpp, G. Behr, N. Mattern and D. Souptel 
 
7.  Single-crystal growth of binary and ternary rare earth silicides  
Journal of Crystal Growth, Volumes 237-239, Part 3, April 2002, Pages 1976-1980  
G. Behr, W. Löser, H. Bitterlich, G. Graw, D. Souptel and E. V. Sampathkumaran 
   
8.  A new substrate for liquid phase epitaxy of superconducting Ba1-xKxBiO3 films  
Proc. 4th Int. Conf. Single Crystal Growth and Heat & Mass Transfer, Volume 1 (2001) 
Pages 154-159, 
 
 
 134
A.G. Soldatov, S.N. Barilo, S.V. Shiryaev, S.N. Ustinivich, D.D. Khalyavin, L.D. 
Iskhakova, V.V. Vashook, D. Souptel    
 
9.  Transport properties of Mn-doped Ru2Si3  
Microelectronic Engineering, Volume 70, Issues 2-4, November 2003, Pages 209-214 
L. Ivanenko , A. Filonov, V. Shaposhnikov, G. Behr, D. Souptel, J. Schumann, 
H.Vinzelberg, A. Plotnikov, V. Borisenko 
 
10. CeSix single crystals:  growth features and properties  
Journal of Crystal Growth  (is accepted),  
D. Souptel, G. Behr, W. Löser, A. Teresiak, C. Pfleiderer 
 
11. FZ growth and perfection of RENi2B2C (RE=Ho, Tb and Y) single crystals 
Journal of Crystal Growth  (is accepted), 
D. Souptel, G. Behr, W. Löser, G. Fuchs, K. Nenkov 
 
12. Floating zone growth and characterization of Pr5Si3 single crystals  
Journal of Crystal Growth  (is accepted),  
Dmitri Souptel, Andreas Leithe-Jasper, Wolfgang Löser, Walter Schnelle, Horst 
Bormann, Günter Behr 
 
13. Magnetic excitations of RNi2B2C single crystals with R=Tb and Ho 
Physica C  (is accepted),  
A. Kreysig, O. Stockert, D. Reznik, F.M. Woodward, J.W. Lynn, H. Bitterlich, 
D. Souptel, G. Behr, M. Loewenhaupt 
 
14. Low-energy phonons in TbNi2B2C and HoNi2B2C   
Physica B: Condensed Matter  (is accepted), 
A. Kreyssig, O. Stockert, D. Reznik, F. M. Woodward, J. W. Lynn, W. Reichardt, 
D. Souptel, G. Behr and M. Loewenhaupt 
 
15. Non-magnetic superconducting R(Ni,Pt)2B2C compounds (R=Y, Lu) in the clean and 
dirty limit  •  
Physica C: Superconductivity  (is accepted),  
G. Fuchs , K. -H. Müller , S. -L. Drechsler , S. Shulga , K. Nenkov , J. Freudenberger , 
G. Behr , D. Souptel , A. Handstein , A. Wälte. 
 
 
 
 
 135
Erklärung 
 
 
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulässige Hilfe Dritter und 
ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe, die aus fremden Quellen 
direkt oder indirekt übernommen Gedanken sind als solche kenntlich gemacht. Die Arbeit wurde 
bisher weder im Inland in gleicher oder ähnlicher Form einer anderen Prüfungsbehörde vorlegt. 
Die Arbeit wurde am Institute für Festkörper- und Werkstoffforschung Dresden (IFW) 
unter der wissenschaftlichen Betreuung von Herrn Prof. Dr. J. Fink angefertigt. 
 
 
 
 136
Acknowledgements 
 
 
I would like to thank the Directors of the Institute of Solid State Research, Prof. Jörg Fink 
and Prof. Bernd Büchner, for supervising, discussions and continuous support during my work at 
the Leibniz-Institute for Solid State Physics and Material Research Dresden.  
No thesis results from the efforts of a single individual. Foremost among those who have 
helped to shape and guide this work is my scientific advisor, Dr. Günter Behr, who has been like a 
father to me when helping me with the personal or professional problems. Secondly, I wish to 
thank sincerely Dr. Wolfgang Löser, who is always ready to discuss the scientific results obtained 
on our single crystals and to make perfect corrections of all our published papers and this thesis. I 
feel very privileged to have worked together with such nice and competent persons. They always 
take time to answer my never-ending questions and to help in solving technical problems and 
matters concerning crystal growth. Also I want to thank Prof. A.M. Balbashov from Moscow, 
where I have started this work. 
Many people have provided useful conversation and advice along the way, including 
Dr. Matvey Zinkevich, Dr. Angelika Teresiak, Dr. Joachim Schumann, Dr. Ludmila Ivanenko, 
Prof. Ernest Arusanov, Dr. Zakir Hossain, Dr. Christian Pfleiderer, Dr. Andreas Kreyssig, 
Dr. Günter Fuchs, Dr. Andreas Leithe-Jasper, Dr. Reiner Niewa, Dr. Dmitri Jerebtsov, Dr. Pavel 
Nabokin. 
I would like to thank Dr. Konstantin Nenkov, Dr. Harmut Vinzelberg and Sandra Drotziger 
for electrical and magnetic measurements, Dr. Wolfgang Gruner for oxygen content investigations,  
Birgit Opitz and Dr. Ludmila Ischakova for X-ray measurements, Dr. I.S. Smirnov, Dr. I.G. 
Sakharova for recording the X-ray rocking curves, Siegelinde Pichl for numerous EPMA 
measurements, Dr. Igor Bdikin for X-ray topogram recordings, Dr. Victor Plotnichenko for 
spectroscopic studies and Dr. Andrey Sotnikov for dielectric measurements. Also I am very 
thankful to Monika Frömmel, Sabine Müller-Litvanyi and  Julia Ferstl for assistance in preparation 
of samples for various physical measurements. 
I acknowledge all my colleagues in the Department 13 and co-operating groups for a nice 
working atmosphere and warm personal relationship during the work, especially Dr. Albrecht 
Leonhardt, Prof. Gernot Krabbes, Rosemarie Müller, Barbara Thaut, Gudrun Stöver, Dr. 
Chinnathambi Sekar, Dr. Larisa Shlyk, Waltraud Höppner and Dr. Kirstin Ruck and Irina Mazilu, 
Aleksey Plotnikov, Dmitri Rauser and Andrey Touzik. 
Of course, I want to show my appreciations to Jochen Werner, Dr. Hartmut Siegel, Claus 
Götzel and Dr. Pavel Tripolskiy for valuable professional technical assistance provided for solving 
of various technical questions occurring every day at the way of crystal growth.  
 
 
 137
Working for the three years in the Crystal Growth Laboratory of Dr. G. Behr gave me a 
deep understanding of FZ crystal growth features, especially of intermetallic compounds, formation 
of crystal defects, thermodynamic phase diagrams and new aspects of solid-state physics. 
I gratefully acknowledge the Deutsche Forschungsgemeinschaft (DFG) for financial 
support of my work during these three years within the SFB 463 „Rare-Earth Intermetallics: 
Structure, Magnetism and Transport“. 
My wife, Zoulfia, was with me during the bleaker moments of the road to the diploma and 
without her help I would not be here and would not made my thesis. 
 
 
 
 
 
 
 138
 
